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 There are few entities in dentistry that frustrate endodontists more than vertical 
root fractures. They doom otherwise seemingly perfectly treated teeth both 
endodontically and restoratively, and can be tremendously problematic to diagnose 
definitively. Such a confluence of challenges can be exasperating and embarrassing for 
dentists and endodontists. Cracked teeth in general present less with certain classic 
signs, but rather are typified by “classic confusion” for the patient and dentist alike (1). 
 Knowing that the symptoms of vertical root fracture can be inconsistent and 
variable, it becomes even more desirable to diagnose them radiographically. There has 
been considerable research attempting to quantify the accuracy in clinical diagnosis of 
vertical root fractures (VRF) with radiographic technologies such as periapical imaging 
and cone-beam computed tomography (CBCT). While those research efforts will be 
discussed in greater detail, one of the most recent systematic reviews and meta-analyses 
indicates sensitivity in diagnosis based on periapical imaging among obturated teeth to 
be merely 24% (2).  
 Cone-beam CT has aided in the diagnosis of vertical root fractures, especially by 
allowing for axial slice reconstruction and evaluation for a characteristic alveoloar bone 
loss pattern typical of fractured roots. Sensitivity of VRF detection with CBCT may be 
as high as 75% in obturated teeth (2), although there is a high degree of bias is most of 
the reports of VRF detection (3). While this is certainly an improvement compared to 
two-dimensional radiography, cone-beam CT technology is no catholicon in detection of 
these fractures, and CT imaging bears the further disadvantages of cost, access, and 
increased radiation compared to two-dimensional radiography. This is frustrating to 
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patients and practitioners alike because failure in recognition of vertical root fractures 
can lead to futile treatment efforts, while their speculative diagnosis results in 
unecessary extractions of teeth. 
 Stationary intraoral tomosynthesis (s-IOT), or henceforth simply tomosynthesis, 
imaging is a radiographic technology that may have appications in dentistry. 
Tomosynthesis imaging uses a multi-source X-ray array that allows for a acquisition of 
multiple basis images and subsequent reconstruction of a 3D volume. This technology 
has been applied to chest (4–6), abdominal (7), musculosckeletal (8,9), and breast 
imaging applications (4,5,10). A group of researchers in the Department of Physics at 
the University of North Carolina at Chapel Hill have developed a miniature, carbon 
nanotube based x-ray sources compatible with a digital intraoral radiographic sensor and 
therefore possibly appliciable in dentistry. It is the small size of these carbon nanotubes 
that allow them to be distrubted in a compact array small enough to be manipulated on a 
conventional intraoral dental x-ray source arm. 
 Tomosynthesis imaging presents certain advantages, including high resolution, 
low radiation, and that the planar volume can be scrolled through on the z-axis, or, “in 
and out” of the image plane. They recently piloted its utility in caries detection (11). As 
a clinician in endodontics, there seem to be many possible applications for such a 
technology, detection of root fractures among them. Applications of this novel 
technology into uninvestigated clinical challenges nurtered a collaboration between a 
clinical team at the Univesity of Minnesota and a group of engineers at the University of 
North Carolina in the undertaking of this project. 
 The purpose of this study was to compare the radiographic detection of induced 
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vertical root fractures among periapical, limited-FOV CBCT, and stationary intraoral 
tomosythesis imaging, as well as the relationship between these variables and their 
impact on evaluator confidence in diagnosis of vertical root fractures. 
 
REVIEW OF LITERATURE & BACKGROUND 
VERTICAL ROOT FRACTURES: THE ENTITY, DIAGNOSIS, & TREATMENT 
 Vertical root fractures are among the five types of longitudinal cracks in teeth: 
craze lines, fractured cusp, cracked tooth, split tooth, and vertical root fracture (1,12). A 
vertical root fractures is defined as “a complete or incomplete fracture initiated from the 
root at any level, usually directed buccolingually [that] may involve one…or both 
proximal surfaces, and may extend coronally toward the cervical periodontal 
attachment” (1). While classically it was imagined that root fractures initiated at the 
apex and extended coronally (13), it is now thought that they can initiate as smaller 
cracks at any level of the root surface (1,14). These fractures become pathologic because 
they harbor bacteria (15) and act as pathways for further spread of pulpal or periapical 
disease (12). Histologically, Walton demonstrated these fractures to contain “bacteria, 
necrotic tissue, food debris, and unidentifiable amorphous substances” (16). As such 




Figure #1: Facial view and horizontal 
cross section of vertical root fractures. 
VRF’s can be complete or incomplete, 
typically extend in a bucco-lingual 
direction, and they can initiate at any 
point on the root surface. From Rivera 
(1) 
 
Figure #2: Cross-sectional photographs 
of two incomplete vertical root fractures. 
From Tamse (17) 
 
 The exact prevalence of vertical root fractures is not precisely known. The 
overall prevalence has been reported as 5% in a retrospective radiological study (18). 
Two studies evaluating extracted teeth identified that vertical root fractures being 
present in 11% and 20% of extracted endodontically treated teeth (19,20). Definitive 
quantification of their incidence is so difficult because so too is their diagnosis 
challenging.  
 Signs and symptoms of vertical root fractures are variable, and are far from 
pathognomonic which makes their definitive diagnosis difficult.  
 
Table #1: Signs and symptoms of VRF observed in retrospective studies in percent of 
teeth examined. From Tamse (17) 
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 The most consistent combination of symptoms is a narrow, isolated probing 
depths and sinus tract in a tooth with a history of root canal therapy (1,13). This osseous 
defect is typically present on the buccal surface of a root, and is most common on 
maxillary molars and premolars as well as mesial roots of mandibular molars (13). The 
shape of the characteristic bone defect has been described as “V-shaped dehiscence” of 
buccal cortical plate found in 91% of fractures, while a less common “U-shaped 
dehiscence” present on the lingual surface (21).  
  
Figure #3: Photograph of surgical exposure of buccal bony dehiscence associated with 
vertical root fracture #13. From Todd (22) 
 
 A sinus tract is found between 35% (23) and 42% (24) of the time, and it is 
typically found nearer to the gingival margin than sinus tracts typical of endodontic 
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disease with chronic apical abscesses (13,25), as depicted in Figure #4. Some authors 
have correlated the presence of double or multiple sinus tracts with vertical root 
fractures (25,26), but this finding may be misleading since multiple sinus tracts have 
also been correlated with actinomyces predominated endodontic infections (27). 
 
Figure #4: Photographs of sinus tract 
commonly found on fractured teeth. As 
depicted, these sinus tracts may be more 
cervically located and associated with 
deep, narrow probing depth. From 
Tamse (17) 
 The age of the tooth itself is a risk factor cracks and fractures. Certainly, it is true 
that older teeth will have been exposed to years of additional function and wear that 
could lead to fracture initiation. But furthermore, there are physical changes to the 
properties of dentin as teeth age that predispose them to fracture. It has been 
demonstrated that dentin from older teeth and dentin that has been dehydrated will both 
lead to decreased endurance strength that will increase the risk of fracture initiation as 
well as rate of propagation (28,29). 
 The most consistent risk factor for the development of vertical root fractures is 
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previous endodontic therapy (30), especially with a cold lateral obturation technique 
(31,32). It is possible that several aspects of endodontic treatment contribute to fracture 
risk, including loss of tooth structure, induced stress from instrumentation and obturation, 
post-space preparation and placement, and both type and adequacy of definite restoration 
may be contributors (33).  Root shape and curvature contribute to their susceptibility to 
root fracture, as does remaining dentin wall thickness after instrumentation (14,34,35). 
As such, conservative preparations may reduce likelihood of fracture (14). 
 The forces and strain induced during obturation has been correlated with the 
development of root fractures, contributing to the fact that endodontic therapy is such a 
risk factor for vertical root fractures. Specifically with cold lateral obturation, the use of 
finger spreaders, especially with excessive force can induce root fracture. Holcomb, Pitts 
& Nichols identified that a spreader force of 1.5 kg could be enough to induce root 
fracture (34); meanwhile, Saw & Messer identified an average load of 16.1 kg induced 
fracture, which is higher than typical forced used with this obturation technique (36). 
Hand spreaders induce significantly more root strain than do finger spreaders (37). Finger 
spreader use is associated with vertical root fracture, but the use of nickel-titanium 




Figure #5: Periapical radiographs clinically obtained by primary investigator of #29-30 
demonstrating vertical root fractures with separation of root fragments, presumably 
associated with excessive obturation forces 
 
 Obturation techniques that use thermoplasticized gutta-percha also induce root 
strain, and may therefore contribute to risk of vertical root fracture. Obtura and cold 
lateral techniques both induce similar overall root strains (36). When evaluating the 
location and distribution of this force, lateral compaction requires less force than vertical 
compaction to induce the same stress near the apex, and that stress localization in cold 
lateral obturation is more concentrated and therefore more likely to induce root fracture 
(40).  
 In addition to obturation, there is evidence that the chemicals used in non-surgical 
root canal therapy may weaken dentin, although there is some controversy in the 
literature therein. For example, five weeks of exposure to sodium hypochlorite decreased 
dentin strength by 59% (41). Sodium hypochlorite in higher concentrations can adversely 
impact the flexural strength, elastic modulus, and microhardness of dentin (42–44). The 
clinical significance of those impact may be marginal however based on the limited time 
of exposure of root dentin to sodium hypochlorite in routine endodontic treatment. 
 While sodium hypochlorite reacts with the organic components of the root canal 
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system and root dentin, ethylenediaminetretraacetic acid (EDTA) interacts with the 
inorganic component by acting as a chelating agent. When sodium hypochlorite and 
EDTA are used in combination and both inorganic and organic phases are removed, there 
is a concurrent deleterious effect on dentin strength and hardness (44,45).  
 In the long term, it appears that exposure of dentin to calcium hydroxide for 
longer than 30 days is correlated with a decrease in dentin strength (41,46).  However, it 
has been reported up to 30 days this effect is not significant (47), and this timeframe is in 
most cases representative of the duration of exposure in multiple visit endodontics. In 
some contrast to this finding, it has also been reported that Ca(OH)2 caused a 35% drop 
in flexural strength after 10 days without subsequent change between 10 days and 30 
days; in this case authors concluded that calcium hydroxide’s effect on dentin to be self-
limiting and restricted to superficial layers of dentin (48).  These differences in 
experimental conclusions may likely be accounted for by differences in study design. 
Nonetheless, it is at least possible that the disinfecting chemicals employed in 
endodontics have an impact on the physical properties of dentin that might leave teeth 
more susceptible to fracture. 
 Post and dowel placement have also been correlated with fracture induction (17). 
This relates firstly to the post reparation itself insofar as the process removes dentin. 
Remaining dentin thickness is a significant risk factor in the prevention of vertical root 
fractures (14,49).  So too can the post itself induce fractures. A post under function will 
to varying extents concentrate forces within the tooth near the fulcrum of leverage and at 
the apical extent of the post; this is why posts with inadequate length, particularly when 
they do not extend past the crest of bone, are more likely to induce fractures (50). 
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Fracture risk can also be mitigated to some extent by using post materials whose moduli 
of elasticity and coefficients of thermal expansion are similar to those of dentin (51,52). 
It has been demonstrated that parallel, passive, prefabricated fiber posts are least likely to 
induce fracture (53).  
Therefore, for a variety of reasons endodontically treated teeth are at risk for 
development of fracture. Kishen’s review on mechanisms and risks for fractures in 
endodontically treated teeth summarizes the factors that impact the stresses on these teeth 
as being impacted by “(1) the material properties of the crown, post, and core material, 
(2) the shape of the post, (3) the adhesive strength at the crown–tooth, core–tooth, and 
core– post, post–tooth interfaces, (4) the magnitude and direction of occlusal loads, (5) 
the amount of available tooth structure, and (6) the anatomy of the tooth” (50) .  
 Although they typically present in previously treated teeth, vertical root fractures 
can quite rarely occur in unobturated teeth. Vertical root fractures in unobturated teeth 
have been reported most commonly in an Asian population, with advanced age, and on 
first molars (54–56). There is a correlation with such fractures in vital teeth with bruxism 
or clenching (57). While these fractures may be easier to identify radiographically, their 
scarcity make these clinical correlations of diminished value. 
 Ultimately, the only definitive means of identification of a vertical root fracture is 
its surgical exposure for staining and direct visualization (25,26,58,59). This is 
particularly true for early or incomplete root fractures that may not be evident on any 
radiographic modality and their symptoms may resemble other pathological entities, such 
as cemental tear (60,61), periodontal disease, or persistent endodontic disease  (1)(17). As 
such, correct diagnosis of a vertical root fracture is imperative to avoid misguided or 
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futile treatment efforts. Unfortunately, at this time, the predicable treatment options of a 
vertical root fracture are only to remove it, whether by root resection, root amputation, or 
tooth extraction (1,17,25).  
 Some more eccentric treatment modalities have been investigated. An in vitro 
attempt to fuse fractured root segments using either CO2 or Nd:YAG lasers was 
unsuccessful in all 81 samples (62). However, one clinical case report of root fracture 
fusion demonstrated adequate though incomplete healing (63). It has been suggested that 
bonding, specifically with 4-methacryloxyethyl trimellitate anhyride/methacrylate-tri-n-
butyl borane (4-META/MMA-TBB) resin cement, to internally bond root fractured root 
segments may prolong tooth survival (64).  Case reports also exist of extraction 
replantation of vertically root fractured teeth with this resin cement (65–68). So too has it 
been suggested that the use of enamel matrix derivative during intentional replantation of 
bonded teeth with root fractures may induce cementum deposition and decrease the 
incidence of root resorption (69). While dentists and endodontics continue to struggle 
with treatments aimed at preserving those teeth with vertical root fractures somehow, the 
abundance of clinical evidence demonstrates that these teeth, particularly single rooted 
fractured teeth, have a questionable or unfavorable prognosis. 
 Our struggles to predictably and conservatively treat vertical root fractures 
amplify the importance of preventing them, such as preservation of tooth structure, post 
placement, and minimization of root strain(1,12,32,34–39,59,70). Given that vertical root 
fractures can be difficult to identify clinically or to treat, it would be so helpful to 
somehow consistently identify them radiographically. 
RADIOGRAPHIC TECHNOLOGIES: PERIAPICAL RADIOGRAPHY & CONE-
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BEAM COMPUTED TOMOGRAPHY 
 Periapical two-dimensional radiography is still the workhorse of modern imaging 
in endodontic diagnosis, treatment, and follow-up. Indeed, periapical imaging the 
standard of care and the imaging modality of choice in the diagnosis of the endodontic 
patient and for immediate post-operative imaging (71). The first application of intraoral 
radiography in endodontics by Dr. Edmund Kells in 1899 set the stage for the central use 
of periapical imaging today in endodontics. Since that time, periapical imaging 
technology has improved with greater contrast and resolution as well as the development 
of digital imaging instead of film. Simultaneously, new imaging modalities such as cone-
beam computed tomography have become indispensable to many modern endodontists in 
diagnosis and delivery of care to patients. As has been and will be discussed, despite the 
wealth of additional information afforded by these new technologies, they are still 
imperfect. This motivates engineers, radiologists and endodontists to collaborate to 
develop and apply new radiographic technologies, potentially such as stationary intraoral 
tomosynthesis.  
 Periapical images are generated when an incident beam of x-ray photons pass 
through tissue where some of those photons will be deflected or absorbed and the others 
strike the sensor to generate an image. Historically, film was used and developed, but 
most endodontists today use digital sensors, whether they are charge-coupled devices 
(CCD) or complementary metal oxide semiconductor (CMOS), and less commonly  
photostimulable phosphor plates. Digital intraoral radiography advantages include lower 
radiation, instant image, no processing equipment, convenience of storage and access, 
facilitation of teleradiography, image manipulation, and comparable image quality 
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(72,73). 
 With periapical imaging, there are certain techniques and cues in interpretation 
that must be employed to circumvent the fact that they are a flattened two-dimensional 
representation of three-dimensional tissues. Potential problems in interpretation derive 
from, for example, distortion and overlap. First, based on the angle between the surface 
of the sensor, plane of the tooth, and direction of the central ray, the resulting image may 
be foreshortened or elongated. The paralleling and bisecting angle techniques are two 
methods for minimizing the degree of such distortion, which can be facilitated by the use 
of Rinn XCP’s or hemostat with bite tab, in order to have a more reproducible image, 
accurate estimated working length, and identification of periapical radiolucencies (74–
76).  
 Loss of periapical bone is not always visualized on periapical radiographs despite 
their histologic presence. Multiple radiographs may be necessary to identify such a lesion 
using periapical imaging (77). There are anatomical factors that can complicate their 
identification, such as the zygomatic arch that can obscure them by overlap (78), 
maxillary sinus (79), or the mental foramen which can resemble a periapical radiolucency 
(80,81). Histologic periapical inflammation may be present at least 30% of the time 
without any periapical radiographic changes (82). The relative location of the lesion with 
respect to the root itself may obscure the lesion through overlap (79). These 
radiolucencies may not appear on a periapical radiograph until erosion of the buccal or 
lingual cortical plate occur (82–84). All of these factors contribute to a sensitivity of 
PARL on mandibular posterior teeth of just 65% and specificity of 78% on two-
dimensional radiography (85).  
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Figure #6: A clinical case where CBCT imaging (bottom) confirmed a missed lingual 
canal as presumptive etiology for persistent apical periodontitis with preoperative (upper 




Figure #7: A preoperative radiograph and CBCT imaging (above) revealed evidence of 
missed MB2 canal and palatal internal resorption in the apical third. At six month post-
treatment evaluation (lower), the patient was asymptomatic & functional and periapical 
radiolucencies decreased in size. 
 
 The buccal object rule is one of the oldest and best-known methods of applying 
multiple images exposed from different angles to make geometric inferences with respect 
to location of objects in the third dimension relative to one another (86–88). 
Characteristic features on periapical radiographs can be helpful in evaluating for multiple 
canals and canal morphology, such as fast-breaks, bullseyes or asymmetrical working 
images (89,90). So too do asymmetrical obturations suggest the presence of a missed 
canal, which was identified in one clinical study to be the case 89% of the time (91) with 
no difference between the use of conventional film or digital radiography (92).  
 These limitations of periapical imaging, including structure imposition, 
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elongation, foreshortening, overlap, anatomical confounders, and delayed appearance of 
periapical radiolucencies, are largely resolved by using cone-beam computed tomography 
in endodontics. Nonetheless, there are still limitations and disadvantages to that 
technology as well. 
 CBCT volumes are obtained by using a rotating x-ray source that emits a 
divergent pyramid-shaped beam of radiation through the patient onto a detector that 
rotates opposite the source; as the source and detector rotate around the target, a series of 
planar two-dimensional basis images are acquired and then compiled into a three-
dimensional volume (93). Since the volume is reconstructed largely distortion-free, the 
resulting three-dimensional images are not subject to elongation or foreshortening, unlike 
periapical imaging. This allows CBCT imaging to establish accurate estimated working 
lengths (94). 
 CBCT overcomes most of the limitations of periapical imaging (95). CBCT aids 
the endodontist in assessing for root form and canal detection (22,96–98). CBCT has 
been demonstrated to provide improved location of critical structures to be aware of non-
surgical and surgical endodontic treatment (99,100), such as the inferior alveolar canal 
(101,102), mental foramen (81,103), maxillary sinus (104). The use of limited field of 
view or narrow field of view CBCT technology has improved resolution, reduced noise, 
and decreased radiation that is highly applicable to endodontics (22). 
 As previously discussed, two-dimensional images alone are inadequate in 
detection all periapical radiolucencies. In one study, periapical images detected 54% and 
panoramic radiographs 28% of the periapical radiolucencies detected on CBCT (105). 
This finding has been confirmed in several well-designed studies that consistently 
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demonstrate that CBCT is superior in the detection of periapical lesions compared to the 
use of periapical radiographs (106,107).  
 For these reasons among others, the AAE & AAOMR in a joint position statement 
recommend the use of CBCT as the imaging modality of choice in many endodontic 
clinical situations (71). Such situations include complex anatomy, suspicion of fracture, 
endodontic retreatment and surgery planning, implant placement, trauma, and resorption. 
So, the use of CBCT as an adjunct to periapical imaging is becoming increasingly 
essential to the endodontist in clinical diagnosis, planning, treatment, and follow-up. 
 Cone-beam computed tomography imaging is not without certain limitations and 
disadvantages. Some have discussed the medicolegal liability associated with full 
interpretation of scans (108). CBCT is susceptible to artifacts, including beam hardening, 
metal artifact, ring artifact, cone beam effect artifact, motion artifact, aliasing artifact and 
noise artifact (109). Beam hardening is created by radiopaque objects in the field that 
creates a false area of decreased attenuation resulting in a dark band adjacent to 
radiopaque objects, such as gutta-percha. Metal objects create white streaks across the 
volume due to their high attenuation. Metal artifact and beam hardening can occur around 
the same radiopaque object. Ring artifacts are visualized in axial slices if there is 
defective or malfunctioning detector element in the source. Cone beam effect artifacts 
result from the pyramidal shape of the x-ray beam that causes the periphery of the 
volume, especially the most superior and inferior extents, to appear darker and with 
greater noise than more central areas of the field. Streaks and double images, known as 
motion artifact, can appear if the patient moves during scanning. Noise artifact is an 






Figure #8: An 8-year old female developed pulpal necrosis following a bike accident. The 
tooth was treated with NSRCT and access restoration by another provider. When 
evaluated by the primary investigator two years after initial treatment, the patient 
reported persistent pain and demonstrated a deep, purulent palatal periodontal defect. 
CBCT imaging was essential in identifying a coronal oblique cervical fracture that was 
unapparent on periapical imaging. 
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mottled appearance on the volume. Although of these artifacts can be prevented or 
managed, so too can others complicate interpretation of CBCT volumes, especially in 
endodontically treated and heavily restored teeth with extensive radiopaque materials on 
and within. 
TOMOSYNTHESIS IMAGING 
 Tomosynthesis imaging is a radiographic technology that has been applied outside 
of dentistry and, if used in dentistry, may present benefits to clinicians in screening, 
diagnosis, and treatment. A team at the University of North Carolina has developed a 
series of technological innovations and clinical prototypes to allow for stationary 
intraoral tomosynthesis (s-IOT) experimentation. 
 They developed a carbon nanotube X-ray source that allow for novel applications 
and source geometries difficult or impossible with conventional X-ray sources. The 
carbon nanotubes allow for electron emission through field emission or Fowler-Nordheim 
tunneling (110). Use of these “cold cathodes” for X-ray production allow for electron 
emission without thermal side effects. These compact carbon nanotubes can be 
geometrically distributed to emit spatially-distributed field emission X-ray source arrays, 
as seen in Figure #9 and Figure #20 (111). The spatially-distributed carbon nanotube 
array with unique geometries creates a series of projection images from different angles 
without the need for any mechanical movement of the radiographic source or sensor. The 
projection images are then reconstructed into stacked planar images that can be scrolled 
through on the “z-axis,” the third dimension “in and out” of the planar images (with the 
“x-axis” and “y-axis” representing the plane of a conventional 2D image).  
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 Whereas physically larger iterations of this technology have been applied to other 
tissues such as breast tissue (112), compacting this technology allows s-IOT to image 
much smaller structures like teeth. This clinical system, empowered by the new carbon 
nanotube array, is an application of stationary tomosynthesis to intraoral structures (11). 
The s-IOT imaging system developed for the present study provided improved imaging 
speed, quality, and system simplicity from previous prototypes and prior attempts at 
using tomosynthesis for dental imaging.  
 This group first applied stationary intraoral tomosynthesis to caries detection. In a 
reader study they found in a pilot study a 36% increase in sensitivity for caries detection 
(113). The present study investigates fracture detection. They also have an upcoming 
IRB-approved patient trial for investigation of a clinical prototype at the UNC School of 
Dentistry (ClinicalTrials.gov: NCT02873585).   
Figure #9: s-IOT system schematic illustrating source-detector geometry and 




   
RADIATION DOSE 
 Radiation dose and the associated risks of ionizing radiation are a concern for 
patients and providers alike. Certainly, this is a relevant question as we consider the 
possible implementation of a new radiographic technology in patient care. Exposure for 
routine dental radiographs have decreased with the implementation of digital imaging. 
Digital radiographs have led to 50-80% decrease in radiation exposure compared to 
conventional films (79). Meanwhile, the increased information afforded by CBCT is 
accompanied by an increased radiation exposure to patients. Practitioners should use 
radiography in accordance with the principle of ALARA. Understanding that there is no 




truly safe dose of ionizing radiation, the question becomes under what circumstances the 
value of the exposure exceeds the risk associated with the radiation exposure. 
 
Table #2: Radiation dose associated with different radiographic technologies. Calculated 
radiographic exposure is also informed by the tissues included in the target, which is why 
CBCT imaging has differing doses depending on target area. From the AAE (114) 
 
 The resulting impact, as in morbidity and mortality, associated with ionizing 
radiation is a controversial question. Some have identified the risk of dental radiology as 
“vanishingly small [and] virtually impossible to determine” (115). By narrowing the field 
of view in CBCT, the radiation dose is decreased in addition to improving noise and 
resolution. There is reasonable consensus that the diagnostic information made available 
by CBCT imaging in select cases justifies the inherent increase in exposure (71,114,116). 
Nonetheless, an imaging modality that provides equal or additional diagnostic 
information with less radiation exposure to the patient is desirable. 
 The exposure of tomosynthesis imaging is comparable to a single periapical 
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radiograph. In this study, the maximum exposure for stationary intraoral tomosynthesis 
was set to not exceed the dose for a single photostimulable phosphor plate image (117). It 
is remarkable that tomosynthesis imaging provides three-dimensional information with 
such a low exposure to the patient. This is one of several reasons that make 
tomosynthesis an attractive technology to apply to dentistry and endodontics. 
RADIOGRAPHIC DETECTION OF VERTICAL ROOT FRACTURES 
 Radiographically, vertical root fractures are inconsistently visualized on 
traditional periapical radiographs, particularly incomplete vertical root fractures 
(13,57,118–128). Although periapical radiographs have excellent resolution, in order for 
the fracture to appear on the radiograph, there must separation of the root fragments or 
the fracture direction must be approximately parallel the x-ray beam—specifically, within 
4 degrees (129). 
 Beyond direct visualization of the fracture itself, the radiographic appearance of 
root fractures on periapical imaging is characterized by the “halo” and “periodontal” 
pattern of periradicular radiolucencies (13,24,121,130), and mandibular molars are more 
likely to present with a furcation radiolucency (13). However, radiographic detection of 
this characteristic bone loss is only evident in 50% of cases in periapical imaging (57). 
Since fracture orientation is typically bucco-lingual among vertical root fractures, the 
initial boney defect that develops will at least in the early stages be superimposed with 
the root itself, thereby obscuring visualization of the defect on periapical imaging until it 
is large enough that involves the proximal surfaces of the root (17). This will delay the 
radiographic presentation of bone loss that might indicate the presence of a root fracture. 
 Since the clear majority of vertical root fractures are previously endodontically 
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treated, the radiopaque obturation material can obscure visualization of a fracture on 
periapical radiographs by superimposition. Although superimposition is not a concern in 
CBCT imaging, induction of beam hardening and metal artifacts can interfere with the 
identification of root fractures (109). Despite these artifacts, CBCT has improved 
detection of vertical root fractures compared to periapical radiographs alone, and at this 
time CBCT may be the best, although imperfect, modality for clinical radiographic 
identification of vertical root fracture (22,71). 
 Among the first to characterize the identification of vertical root fractures 
between computed tomography and periapical radiographs was Youssadeh et al. in 1999. 
Their study is commonly referenced in many imaging studies on the topic, and their 
definitions are used in the present study as well.  For dental radiographs, fracture 
diagnoses were “based on direct visualization of a radiolucent line that traversed the root 
only, without propagation into the surround alveolus. CT findings of a root fracture were 
characterized by a separation of the adjacent root segments visualized on at least two 
contiguous sections without continuation of the hypoattenuated line into the adjacent 
tissue” (131). These definitions are included in the directions to evaluators in the present 
study. This study identified an average sensitivity of fracture detection as 23% for dental 
radiographs and 100% for CT. However, this study is in some senses misapplied in dental 
and endodontic literature. First, the training of the evaluators is different from dentists, 
endodontists, and radiologists because all the authors of this study are medical doctors, 
not dentists. Secondly, the CT modality that was utilized was medical CT. Medical CT 
has a very high resolution, but comes with a high cost and high radiation dose; this 
radiation is much higher than cone-beam CT used in endodontics. Since medical grade 
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CT is not commonly used in dentistry, their quantitative results are less applicable than 
has sometimes been suggested in dental and endodontic literature. 
 There are several ex vivo and clinical studies that have quantified the accuracy of 
detection of vertical root fracture with the use of periapical and CBCT imaging with a 
broad range of reported sensitivities. 
 Hassan et al. evaluated fractures induced with a chisel and identified sensitivity 
for VRF detection of CBCT were 79% and for periapical images 37%. The specificity of 
CBCT was reduced by the presence of obturation material, but its overall accuracy was 
not influenced. Both the and overall accuracy of periapical radiographs were reduced by 
the presence of obturation material. The results showed an overall higher accuracy for 
CBCT (0.86) scans than periapical imaging (0.66) for detecting VRF (125). Ozer et al. 
induced fractures with hammer and chisel and identified an accuracy for detecting 
vertical root fractures for CBCT scans as 0.2mm-wide VRF’s (70%) and 0.4mm-wide 
VRF’s (90%) compared with periapical imaging (43.3% and 60%, respectively) (132).  
These studies demonstrate that there is good but imperfect detection of vertical root 
fractures, although it must be pointed out that the size of the fractures they generated 
were quite large—possibly large enough to be clinically unrepresentative. 
 That criticism is echoed by Brady et al., who endeavored to measure the width of 
induced fractures and to correlate that fracture size with detection rates (127). Unlike the 
200-400 micrometer fractures in Hassan and Ozer, Brady used an Instron machine to 
induce incomplete root fractures and distinguished between greater and less than 50 
micrometer cracks, with a range of 30-110 micrometers. The sensitivity of CBCT was 
27-28% while periapical radiography was just 3%. This demonstrates how significantly 
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our detection of vertical root fractures can be impacted by the study design and more 
specifically the width of the fracture. 
 Patel et al. similarly used cadaver mandibles with induced fractures using an 
Instron machine to induce incomplete and complete vertical root fractures. They 
identified a sensitivity of dental imaging to be just 5% and CBCT 57% (122). This has 
the advantage of some of the attenuation of mandibular alveolus, but full cadaver samples 
would be most representative, as they discuss. They used phosphor plates for their dental 
radiographs, which can be of lower resolution compared to CCD and CMOS sensors. 
They found that the presence of obturation material in canals had an impact on detection 
of fractures. 
 Part of what makes vertical root fractures so difficult to visualize 
radiographically on CBCT is that these fractures are often quite small and the voxel 
size may be too large to see the crack itself. The Nyquest Theorem identifies the 
limitation of an image’s ability to identify a crack or fracture defect to equal twice the 
voxel size used to scan the object (22). The Carestream 9000 has a voxel size of 76 
micrometers, so by this theorem none of the fractures described by Brady as 30-110 
micrometers would be visible on CBCT. This is why when evaluating for a crack on 
CBCT one must look for the characteristic periodontal bone loss if there is inadequate 
resolution and excessive noise to visualize the fracture of the root wall. Fayad et al. 
summarized the five radiographic characteristics of vertical root fracture on CBCT 
imaging as: “1. Loss of bone in the mid-root area with intact bone coronal and apical to 
the defect 2. Absence of the entire buccal plate of bone in axial, coronal, and/or 3D 
reconstructed view 3. Radiolucency around a root where a post terminates 4. Space 
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between the buccal and/or lingual plate of bone and root surface 5. Visualization of the 
VRF on the CBVT views” (133). None of these features actually involve visualizing 
the fracture itself, nor are they going to result in a pathognomonic appearance in all 
cases. 
 Furthermore, scan time is a confounding variable that might skew result among 
in vitro and ex vivo studies imaging root fractures. With a scan time of at least thirty 
seconds, there will inevitably be some amount of patient movement in a clinical image 
that will be absent with extracted teeth. Even simple blood flow and breathing will 
create small movements in a living patient that are impossible to completely eliminated 
in an imaging process that takes time. Benchtop studies with extracted teeth will 
artificially improve the image quality of extracted teeth in CBCT volumes because the 
samples do not move. Therefore, the same root fracture that might be visible on an ex 
vivo sample could be obscured in a scan of a live patient. 
 There have also been clinical studies attempting to evaluate root fracture 
detection. Wang et al. evaluated 135 teeth that were already suspected of being fractured. 
The sensitivity and specificity of root fractures diagnosed were 26% and 100%, 
respectively, for periapical radiography and 89.5% and 97.5%, respectively, for CBCT. 
The sensitivity of CBCT was reduced in the presence of root canal fillings but its 
specificity remained unaffected (134). Clearly there is a difference in radiographic 
detection demonstrated here, but that these teeth were already suspected of fractures will 
inflate the sensitivity of radiographic detection based on this nonrandom sample 
population. 
 Edlund et al. in a clinical study evaluated 32 teeth suspected of vertical root 
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fracture. These teeth were radiographed on iCAT CBCT and then these teeth were 
surgically evaluated for root fracture. Two oral radiologists interpreted these blinded 
CBCT volumes for root fractures. They found no correlation between signs and 
symptoms and presence of fracture. They identified a sensitivity of 87% and 75% for the 
use of CBCT, and there was no comparison to two-dimensional dental radiography (135). 
 
Figure #11: Surgical confirmation of fracture based on suggestive CBCT findings (135) 
 Chavda & Mannocci scanned with CBCT and periapical imaging 21 unrestorable 
teeth, then evaluated for fractures after atraumatic extraction. They identified a sensitivity 
of 16% for periapical and 27% for CBCT imaging (119). This model, although 
underpowered, presents a more randomized sample compared to Wang’s model because 
these were not teeth already suspected of fracture, and this may account for their 
dramatically lower detection rate for both periapical and CBCT imaging. However, it is 
difficult to refute the possibility that fractures were induced in the process of extraction. 
Whereas in Wang et al. and Edlund et al. the clinical samples were nonrandom because 
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they were already suspected of vertical root fracture, these teeth were differently 
nonrandom because they were all deemed unrestorable and planned for extraction. 
 Most of these benchtop, ex vivo, and clinical studies have demonstrated that the 
presence of obturation material has a negative impact on vertical root fracture 
identification (22,108,119,125,134,136).  It is by this logic that Vizzotto demonstrated 
that detection a mesiolingual canal in maxillary molar retreatments could be improved by 
first removing radiopaque obturation material prior to scanning with CBCT (118). 
 Looking to the highest level of evidence available, a recent systematic review and 
meta-analysis by Chang et al. on the utility of CBCT imaging in the diagnosis of vertical 
root fractures among endodontically treated teeth. They reported among the four studies 
included (among which Edlund et al. was included) a range of sensitivity of fracture 
detection between 84-100% and specificity of 64-100% (3). Despite these seemingly 
favorable values, they critique the included and many excluded studies for having high 
bias and limited sample size. They indicate that interpretation of fracture presence on 
CBCT is a highly subjective and observer dependent process. Ultimately, their systematic 
review indicates that without further data CBCT is only of limited utility in the diagnosis 
of clinical root fractures, particularly when considering positive predictive value. 
 These publications addressing the accuracy in detection of vertical root fractures 
exemplify the imperfection of existing modalities, and why a new radiographic 
technology may be superior for teeth suspected of fracture. Such a problem provides the 





 The specific aims of the present study are as follows: 
 To assess and compare the accuracy of radiographic detection of simulated vertical 
root fractures between periapical, limited-FOV CBCT, and tomosynthesis 
imaging. 
 To determine how the presence of obturation material in the root canal space 
impacts radiographic detection of simulated vertical root fractures between 
periapical, limited-FOV CBCT, and tomosynthesis imaging. 
 To compare the level of evaluator certainty in diagnosis of simulated vertical root 
fractures among periapical, limited-FOV CBCT, and tomosynthesis imaging. 
 To correlate increased level of evaluator confidence with accuracy of diagnosis 
among periapical, limited-FOV CBCT, and tomosynthesis imaging in the 
diagnosis of root fractures. 
 To determine if using two periapical radiographs offers a diagnostic advantage in 





The null hypotheses are as follows: 
 There is no difference in accuracy of radiographic detection of simulated vertical 
root fractures between periapical, limited-FOV CBCT, and tomosynthesis 
imaging. 
 The presence of obturation material in the root canal space has no impact on 
radiographic detection of simulated vertical root fractures between periapical, 
limited-FOV CBCT, and tomosynthesis imaging. 
 Imaging modality, among periapical, limited FOV CBCT, and tomosynthesis 
imaging, will have no impact on evaluator confidence in diagnosis of simulated 
VRFs. 
 There is no correlation between increased level of evaluator confidence and 
accuracy of diagnosis among periapical, limited-FOV CBCT, and tomosynthesis 
imaging in the diagnosis of root fractures. 
 Using two periapical radiographs provides no diagnostic advantage in the diagnosis 
of  VRFs compare to a single periapical radiograph. 
 
MATERIALS AND METHODS 
 The methods and use of extract human teeth were granted Federal Category 4 
exemption for records and tissue specimens by the University of Minnesota Institutional 
Review Board (IRB HSC: 1601E82161) because human tissues utilized were 
deidentified and previously collected. In this IRB Exception application, Dr. Michael 
Regan Anderson was identified as primary investigator, Dr. Brian Barsness as faculty 
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academic advisor, and Dr. Laurence Gaalaas as research collaborator. With the 
application approved the study was exempted from the full IRB review and further 
oversight.  
TOOTH FRACTURE PILOT 
 There was an initial pilot project experimenting with methods of fracture 
induction. Extracted samples of human mandibular molars were instrumented first by 
establishment of glide path with #10 and #15 Flex-O K-type hand files. Visual patency 
was established and working length determined at canal exit, resulting in a flush 
preparation. Tooth samples with overtly oval canal configuration or with multiple canals 
were treated as multiple canals. Instrumentation followed with ProTaper Gold (Densply 
Sirona) rotary nickel-titanium files at 300 rpm in sequence from S1 to F4 at 0 to 1mm 
from canal exit. 
 The primary investigator experimented with a series of 
instruments and methods of fracture induction during this 
pilot. Overall, it became clear that induced fractures of 
mandibular molars, particularly their mesial roots, often lead 
to segmental shear fracture of entire pieces of root dentin. It 
was also observed that desiccation of root dentin led to future 
propagation of fractures and fragment diatheses. It was thus 
concluded that tooth samples should be kept moist, 
particularly after fracture induction for sample stability and 
control. 
 Consistent root fractures were inconsistently 
Figure #12: Induced fracture 
typical of fracture pilot. These 
fractures were too extensive to 
be clinically relevant. This 
pilot informed the method of 
fracture induction for future 
experiments 
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induced when wedge was applied from the coronal. When wedging was applied to the 
apex, these fractures were often too dramatic to be clinically representative.  
IMAGING PILOT 
 A second pilot was endeavored whose intent was to mount maxillary molars in 
simulated alveolar bone. If acceptable, these samples would be used to compare canal 
identification and working length assessment between periapical, cone-beam CT, and 
tomosynthesis imaging. Thirty maxillary molar fully developed human extracted tooth 
samples were coated with a thin layer of rubber cement to simulate a periodontal 
ligament, and they were mounted in simulated alveolar bone mixture made of ground 
walnuts and plaster. The details of this mounting process are described in greater detail in 
the subsequent section. These teeth were imaged on limited-FOV CBCT and periapical 
imaging. These tooth samples were then transported to the University of North Carolina, 
but were unfortunately lost in the mail. For this reason, the details of this pilot are largely 
omitted from this section. 
 This pilot was of value to study design despite the unlucky conclusion. The 
periapical and cone-beam imaging demonstrated that that the simulated alveolus 
technique achieves an acceptable radiographic appearance, simulating marrow spaces and 
PDL space. The technique was subsequently modified so that two layers of rubber 
cement were used instead of one two create a wider and more physiologic PDL. Among 
adults 32-50 years old, the average PDL width is 0.18mm (137), and a double layer of 
cement created a simulated PDL closer to these measurements. 
TOOTH SAMPLE PREPARATION 
 For the project at hand, initially one-hundred mandibular premolar extracted tooth 
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samples were collected with the assistance of a dental student research assistant under 
supervision of the primary investigator. These teeth were human tooth samples collected 
by dental students and stored in the UMN SOD Endodontic Research Room for 
investigations like this.  
 Tooth samples were stored in 10% formalin. Formalin was utilized for several 
reasons. The first is practical: these existing samples were already stored in 10% formalin 
when obtained by the primary investigator. Formalin has been demonstrated to be an 
acceptable storage medium for many in vitro experiments (138). Formalin has been 
demonstrated to be effective as a high-level disinfectant (139,140). It is often utilized for 
in vitro testing because it has low impact on dentin bonding strength (138,141,142), 
although that is irrelevant to the purposes of this study. The disadvantage of formalin is 
that it is a hazardous and carcinogenic material (140).  
 The investigator discarded samples that were incompletely developed, had 
existing fracture(s) as visualized under microscopic evaluation, featured large restorations 
apical to the CEJ, alveolar bone was attached, or radicular anatomy so unique that their 
memorable anatomy might jeopardize blinding of the samples on imaging interpretation.  
 As each tooth sample was selected from the jar, it was first decoronated at the 
cemento-enamel junction using a high-speed handpiece with an #878 diamond bur and 
water irrigation. Decoronation served to facilitate fracture induction as well as to create a 
more uniform radiographic appearance among tooth samples to eliminate distinctive 
features (e.g. restorations) that might be memorable to evaluators in the course of their 
interpretation. Instrumentation of the decoronated root sample was completed first by 
establishment of glide path with #8 (if necessary), #10, and #15 Flex -O K-type hand 
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files. Visual patency was established and working length determined at canal exit, 
resulting in a flush preparation. Tooth samples with overtly 
oval canal configuration or when multiple canals were 
present were treated as multiple canals. Instrumentation 
followed with ProTaper Gold (Dentsply Sirona, York, PA) 
rotary nickel-titanium files at 300 rpm in sequence from S1 
to F4 at 0 to 1mm from canal exit. Canals were irrigated 
with tap water using ProRinse® side-vented 30-g irrigation 
syringe (Dentsply Sirona, York, PA) between files. As each sample was decoronated and 
instrumented as described, it was randomly assigned using a coin-flip into either fracture 
present or absent groups. The thirty root samples assigned as fracture absent were set 
aside and stored in formalin to prevent desiccation of the dentin; each sample assigned to 
fracture present were fractured as follows. 
 Fractures were induced and artificial. The fracture process was adapted from the 
protocol described by Mora et al. (143), and the method was refined during the fracture 
pilot study. As each tooth sample was assigned by coinflip into the fracture group, a 
small steel wedge was lodged into the canal space of the premolar root sample. 2x2” 
cotton gauze was placed on the surface of the table as well as on the apex of the root 
sample. Tapping of a 150 gram flat surgical mallet on the apex of the root with the wedge 
stabilized on the benchtop induced root fractures. Roots that were broken rather than 
fractured were discarded and replaced with a new tooth sample selected randomly from 
among the remaining 100 premolar samples, prepared as above, and incorporated into the 
fracture group. For fractures where a radicular segment was loose, they were cemented 
Figure #13: Coin used 
for randomization 
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with Loctite® Super Glue cyanoacrylate to stabilize the segment. Efforts were made to 
minimize any residual fragment displacement created by excess thickness of glue. This 
process of assignment to fracture absent and fracture present groups with corresponding 
induction of fracture was repeated until there were thirty in each group, totaling sixty root 
samples. 
 The process of fracture induction occasionally slightly crushed the apex of the 
root sample as depicted in Figure #14, subtly altering their radiographic appearance. So, 
an Endo-Z carbide bur on highspeed handpiece with water irrigation was used to resect 
approximately 1mm of the root end surface in order to eliminate any characteristic impact 
induced by mallet in the fracture process. Accordingly, the same 1mm resection was 
performed on the fracture absent teeth.  
 
 Within these two groups of thirty root samples, they were subsequently 
subdivided using coin-flip into two more groups, obturated and empty. Thus, the four 
experimental groups were: 
 Unobturated and fracture absent (X) 
 Unobturated and fracture present (XC) 
Figure #14: Flattening damage 
to apex resulting from fracture 
induction, sometimes creating a 
unique radiographic 
appearance that might indicate 
to the evaluator the presence of 
a fracture. For this reason, a 
1mm resection was performed 
on the apex of all samples, 
regardless of fracture status. 
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 Obturated and fracture absent (F) 
 Obturated and fracture present (CF) 
 
 
 Obturation was completed using ProTaper Gold® gutta-percha molded cones 
(Densply Sirona, York, PA) coated in Loctite® Super Glue (Henkel, Dusseldorf, 
Germany) cyanoacrylate cement. The cones were seated completely, even if 
overextended. Multiple master cones were used for teeth prepared as multiple canals. A 
scalpel was used to cut any protruding gutta-percha at the coronal and apical extents of 
the sample so that gutta-percha was flush coronally and apically. 
 Neither sealer nor alpha-phase warm gutta-percha was used in the obturation 
process. It was determined that these flowable obturation materials in warm vertical 
obturation techniques forces radiopaque obturation material into the crack itself, making 
it much more apparent radiographically. Clinically, vertical root fractures occur most 
Samples mounted in simulated 
bone with artificial PDL
Samples radiographedRandomized assignment, 













fracture absent (X) 
n=15
2 PA's (X) n=15
CBCT (X) n=15
Tomosynthesis (X) n=15
Obturated & fracture 
absent (XF) n=15






fracture present (XC) 
n=15
2 PA's  (XC) n=15
CBCT (XC) n=15
Tomosynthesis (XC) n=15
Obturated & fracture 
present (CF) n=15
2 PA's (CF) n=15
CBCT (CF) n=15
Tomosynthesis (CF) n=15
Figure #15: Randomized assignment and sample preparation flowchart 
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frequently subsequent to root canal therapy (13). Furthermore, compaction techniques 
(whether cold lateral, warm vertical, or otherwise) induce sufficient force to break off 
fractured segments previously induced. For this reason, cyanoacrylate was used to 
stabilize the fractures and cement gutta-percha obturating material into canals using a 
single cone technique. 
 All samples were then mounted into simulated alveolar bone with the assistance 
of a senior dental student. Each root sample was coated in two layers of Elmer’s rubber 
cement, which provided the radiolucent simulation of a periodontal ligament space. Once 
dried, roots were individually mounted into simulated alveolar bone using a 2:1 ratio of 
Type 2 gypsum quick-set plaster (Kerr® Snow White™ Plaster #1, Romulus, MI) mixed 
with walnuts. The radiopaque plaster and radiolucent walnuts simulate bone marrow 
spaces. Samples were formed using plastic ice-cube trays as molds. Once set for at least 
one hour, these samples were individually trimmed to approximately 1.5cm width and 
depth and 2.0cm in height such that the root sample flush with the surface of the plaster 
coronally and otherwise completely contained within the plaster. Each sample was 
marked by and experienced dental clinician to indicate approximate central and shift 







Figure #16: Photographs of mounted sample X2 (unobturated and fracture absent) 
and F3 (obturated and fracture absent). Ink lines provided a rough indication of 
shifted angles for periapical and tomosynthesis imaging. 
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IMAGING 
 These sixty prepared and mounted samples were all imaged using three modalities: 
periapical imaging, cone-beam CT, and tomosynthesis.  
 Periapical imaging was performed using 
Carestream RVG 6100 size 2 intraoral sensor (Kodak, 
Rochester, NY). This sensor is a CMOS Scintillator with a 
19 micron pixel dimension, 4096 grey levels, and 24 
lp/mm resolution (144). The Preva DC intraoral X-ray 
source was set at 70 kVp, 6 mA and 0.160 seconds 
exposure time. Samples were placed directly on the 
sensor and covered in approximately 1cm thick layer of 
boxing wax.  Radiographs were exposed at both a straight angle and shifted angle of 






Figure #18: Imaging setup for periapical imaging 
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 Cone-beam images were obtained on a Carestream 9000 limited-field of view 
cone-beam CT (Kodak, Rochester, NY). They were placed on an experimental manifold 
fabricated by the primary investigator. Each sample was imaged individually under 
pediatric settings at 68 kVp, 2.0 mA, total scan time 10.80 seconds, and a voxel size of 76 
micrometers. Mounted tooth samples were surrounded circumferentially in an 
approximately 1 cm thick layer of boxing wax to simulate soft tissues attenuation. 
 
After periapical and CBCT imaging was complete at the University of Minnesota 
Division of Endodontics, all samples were shipped to University of North Carolina where 
they were exposed to tomosynthesis imaging by collaborators in the Zhang lab. Technical 
details for imaging techniques have been previously described (113,117). Mounted tooth 
samples were placed atop the tomosynthesis intraoral sensor prototype beneath a 1cm 
slab of boxing wax to simulate soft tissue attenuation. They were imaged with stationary 
intraoral tomosynthesis with anode voltage of 70 kVp and each source producing 7mA of 
tube current. Tomosynthesis images were recorded on a CMOS sensor at one frame per 
second. A computer system was used using a simultaneous algebraic reconstruction (117) 
Figure #19: Imaging manifold for 
CBCT imaging.  
Note: all samples in this study were 
also surrounded by an approximately 1 
cm layer of wax, which is not featured 
in this photo 
 42 
to produce forty-five slices of variable thickness, typically 500 micrometers. 
Computation time for reconstruction took about ten seconds.  
  
 
Tomosynthesis stacks were exposed from a series of angles—centered, right, left, 
and vertical. For the purposes of this study, only the centered images were included for 










Figure #20: System diagram and imaging for tomosynthesis 
Figure #21: Representation of 
the four tomosynthesis imaging 
angles. For the present study, 
only the central angle was 
included for evaluation 
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INTERPRETATION 
 All imaging data were interpreted by five blinded, calibrated evaluators. The 
evaluators included four endodontists and one oral radiologist. The written instructions 
for interpretation are attached in “Appendix II: Evaluator instructions”. All evaluators 
were provided these written instructions and an in person instructional session and 
calibration, except for one examiner who was calibrated by telephone. They were 
introduced to the protocol and associated technologies with opportunities for questions. 
 Verification that monitors were of diagnostic resolution and contrast using a 
TG18-QC test pattern, as is pictured at the end of Appendix II: Evaluator Instructions. 
This test pattern, used with permission of the American Association of Physicists in 
Medicine, is a synthetic pattern based on a the description provided in the TG18 Report 
and is scaled down in this publication, although it would be viewed at one-to-one 
relationship between image pixels and display pixels in its use (145). 
 The monitor information for viewing images are as follows: 
Evaluator 1: Dell P1913S 19” LED monitor at 1280x1024 pixel resolution at 
60 Hz.  
 Evaluator 2: Dell 2713 27” LED monitor at 2560x1440 pixel resolution at 60 
Hz 
 Evaluator 3: Dell P2213 22” LED monitor at 1680x1050 pixel resolution at 
60 Hz. 
 Evaluator 4: Samsung U28E510D 28" Ultra HD 4K LED Monitor at 
3840x2160 pixel resolution at 60 Hz. 
 Evaluator 5: Dell P2213 22” LED monitor at 1680x1050 pixel resolution at 
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60 Hz. 
 The original imaging samples were compiled, deidentified, and randomized using 
a random number generator (146), identified as blinded Samples #1 through #180. That 
random number generator (146) was subsequently used to create 20% repeats from 
among these original samples; Samples #181 through #216 constituted these repeats for 
the purpose of evaluating intra-examiner reliability.  
 Evaluators were provided a drive containing a Microsoft Excel spreadsheet for 
data recording and a list folders titled by sample number—#1 through #216. They were 
instructed to open CBCT and tomosynthesis volumes in RadiAnt DICOM Viewer 
(Version 3.4.2, Medixant, Poznan, Poland). Evaluators were provided instructions on the 
use of this software and manipulation of imaging, including adjustment of contrast and 
brightness. CBCT volumes would present by default the axial slice perspective. It has 
been consistently demonstrated that axial slices are significantly more accurate than 
sagittal and coronal slices in detecting vertical root fractures (126,146–148), and the axial 
perspective is routinely the primary view in studies evaluating the presence of vertical 
root fractures (117,118,142,149,150) because this perspective is perpendicular to the 
direction of VRF propagation (131). Nonetheless, evaluators were trained how to view 
the coronal and sagittal perspective for evaluation at their discretion; it was only requisite 
to evaluate the entire volume from the axial perspective.  Periapical radiograph samples 
were exported as TIFF files to be opened directly into default image viewing software. 
 Evaluators, as described in Appendix II, accessed each sample in numerical order 
without going back after viewing a sample. For each sample, an evaluator recorded two 
pieces of information: presence/absence of fracture and their level of confidence in that 
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assessment. Fracture presence was a binary 0/absent or 1/present. Level of confidence 
was recorded on a scale of 1 to 5: 5 signifying 100% confidence, 3 signifying 50% 
confidence, and 1 signifying 0% confidence. There were one of each of these recording 
per sample among CBCT and tomosynthesis images. For periapical images, there were 
two images contained in each folder. Evaluators viewed image #1 independently and 
recorded fracture presence and confidence under sample “a” (e.g. #4a). Then, image #2 
was viewed and a new assessment would be made considering both samples in diagnosis 
(e.g. #4b), without then making a change to the first assessment. The evaluator could use 
the pair of images rather than just the second image alone. This dual assessment construct 
among periapical images addresses the utility of single versus multiple angles in the 
identification of fractures in periapical radiographs.  
STATISTICS 
 Evaluator data were compiled and analyzed using SAS V9.3 (Cary, NC). A 
generalized estimating equations (GEE) model was utilized. GEE models are a sort 
generalized linear model that allows for evaluation of regression parameters (151). Such 
parameters include imaging modality, observer, obturation status, fracture presence, and 
confidence. What makes GEE appropriate in this case is that it considers the potential 
correlation of the repeated assessments on the same samples. 
 The evaluator interpretation data for cracks were evaluated based on imaging 
modality for sensitivity, specificity, and overall accuracy, both based on evaluators as 
individuals as well as in aggregate. These variables were also correlated with the impact 
of obturation on sensitivity, specificity, and accuracy. These factors were correlated with 
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relationship between evaluator confidence and accuracy to determine if subjective 
reported confidence is associated with increased accuracy. 
 
RESULTS 
SENSITIVITY, SPECIFICITY & ACCURACY 
 Analysis of data is listed below in a series of tables describing sensitivity, 
specificity and accuracy of fracture diagnosis by evaluator as well as in aggregate. Each 
modality is listed.  
As described in the methods section, each sample with periapical imaging 
included a pair of radiographs. Evaluators would make an assessment for the first image 
(sample PAa) and then make a second assessment based on having the pair of images 
(PAb). In other words, CBCT and tomosynthesis images were compared with both an 
individual as well as a pair of periapical radiographs taken from differing angles. 
The following table includes a generalized estimating equations modeling of 
sensitivity of fracture detection based on modality. These sensitivities are listed in Table 
#3 based on each evaluator, obturation status, and overall. The difference between 
imaging modality and sensitivity was statistically significant (p=0.0067). The effect of 
obturation overall was statistically significant (p=0.0231). Sensitivity was greatest with 
the use of CBCT imaging (92.5% overall) and least with a single periapical image 
imaging (65.3% overall). Tomosynthesis (75.0%) was superior to a single periapical 
image (PAa) in fracture detection, but less than the pair of periapical images combined 
(PAb, 80.5%). 
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In a similar format within Table #4, the calculated specificities based on each 
evaluator, obturation status, and overall are compared. Unlike sensitivity, there was not a 
significant difference between imaging modality (p=0.4211). The calculated sensitivities 
ranged between 81.8% for tomosynthesis 90.7% for a single periapical radiograph. 
Neither was there a significant interaction between modality and obturation status 
(p=0.3138). Tomosynthesis, while demonstrating an improvement in sensitivity, had the 
lowest specificity among the imaging modalities. The impact of obturation did not have a 
significant impact on sensitivity, both overall (p=0.6774) as well as by modality. 
With respect to overall accuracy, Table #5 describes accuracy in the same format 
as sensitivity and specificity. Although there was a strong trend towards significance, the 
overall effect of modality was not statistically significant (p=0.0594). As will be soon 
discussed, it seems likely that this value would likely be statistically significant with 
further training and familiarity with tomosynthesis technology, due to fewer false 
positives. The estimated accuracies from the model are 86.1%, 78.0%, 81.5%, and 76.1% 
for CBCT, PAb, and tomosynthesis, respectively. The impact of obturation status on 
accuracy was also not statistically significant, (p=0.1084).  
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Table #3: Effect of Imaging Modality and Obturation Status on Sensitivity (%) 

























































































































SAS V9.3 was used for the analysis.  
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Table #4: Effect of Imaging Modality and Obturation Status on Specificity (%) 





























































































































Table #5: Effect of Imaging Modality and Obturation Status on Accuracy (%) 






























































































































IMPACT OF OBTURATION 
 Generalized estimated equations modeling was used to correlate the relationship 
between the presence of obturation material on the sensitivity, specificity, and accuracy 
of fracture detection. Obturation significantly decreased the sensitivity (p=.0023) and 
accuracy (p=0.0260) with periapical radiographs. Obturation also significantly reduced 
sensitivity of fracture detection overall, whereas it did not have an impact on specificity 
and accuracy otherwise. 
Table #6: Significance of obturation status on fracture identification 
 Sensitivity Specificity Accuracy 
CBCT p=0.4369 p=0.3237 p=0.1813 
PAb p=0.0023 p=0.4127 p=0.0260 
Tomo p=0.1294 p=0.2689 p=0.3673 
Overall p=0.0231 p=0.6774 p=0.6774 





 By adding the certainty variable to the regression, evaluator confidence could be 
correlated with their accuracy. Generalized estimated equations indicated a statistically 
significant relationship (p=0.0022) between increased confidence and accuracy, wherein 
the calculated odds ratio (95% CI) was 1.52 (1.11-2.08). So, the odds of being accurate 
are 1.52 higher for a 1 increased integer in evaluator certainty. In other words, evaluators 
were over three times more likely to be corrected with a reported confidence of 5 than 3. 
RELIABILITY 
 Intra-examiner reliability was assessed based on the 20% repeat interpretations 
included in the evaluated image set. Each evaluator’s reliability, or consistency, is 
reported below. The intra-examiner reliability ranged from 64% to 81%, which is a 
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substantial but imperfect level of agreement. This will be discussed in reference to similar 
observer studies. 
Table #7: Intra-examiner reliability 
Evaluator 1 Kappa = 0.742 
Evaluator 2 Kappa = 0.659 
Evaluator 3 Kappa = 0.636 
Evaluator 4 Kappa = 0.793 
Evaluator 5 Kappa = 0.810 
Average intra-examiner reliability Kappa = 0.729 
 
 Similarly, a reliability assessment was calculated based on modality in the form of 
inter-examiner reliability. This compared the five raters pooled for the non-repeated data, 
meaning the first 180 samples. The calculated kappa values, as well as a pooled inter-
examiner score are included below. The greatest inter-rater consistency was among 
CBCT at 68%. The lowest was for tomosynthesis imaging at 54%. The average inter-
examiner reliability across the imaging modalities was 64%. 
Table #8: Inter-examiner reliability 
CBCT Kappa = 0.684 
PAa Kappa = 0.651 
PAb Kappa = 0.664 
Tomosynthesis Kappa = 0.537 
Overall inter-examiner reliability Kappa = 0.639 
 
NUMBER OF PERIAPICAL RADIOGRAPHS 
 Table #9 below describes how the use of a single periapical radiograph compares 
to the use of a pair of radiographs taken from different angles. For both sensitivity and 
accuracy, the rate improved both among obturated, unobturated, and overall. It is also 
interesting to note that specificity slightly decreased with the use of a second image. This 
trend makes sense. Specificity reflects false-positives in fracture detection. If a fracture 
was falsely identified in the first radiograph, the evaluators tended to still identify that a 
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fracture was present. However, if a fracture was not falsely identified on the first image, 
the second image provided a second opportunity to indicate a false-positive, thereby 
decreasing sensitivity between first image and a pair of images. However, this may be 
more a factor of study design than clinical reality.  
Table #9: Number of periapical radiographs 







































 To summarize the ability of evaluators to diagnose induced vertical root fractures 
in extracted root samples, the following table summarizes the sensitivity, specificity, and 
overall accuracy based on the pooled evaluator data. 
Table #10: Interpretation summary 





























































SAS V9.3 was used for the analysis. P-values less than 0.05 were considered statistically 
















Figure #22: Interpretation summary graph
CBCT PAa PAb Tomo
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 Within the limitations of this study, it appears that intraoral tomosynthesis may 
provide an advantage in the diagnosis of vertical root fractures. CBCT remains the most 
accurate and sensitive means of detecting root fractures directly. Furthermore, as was 
discussed in literature review, CBCT imaging also allows for evaluation of characteristic 
bone loss patterns that surround the fracture and aid in their diagnosis. Of course, since 
these fractures were induced among extracted teeth, in this study there was no 
periradicular bone loss or characteristic boney defects to identify.  
 While sensitivity of tomosynthesis was superior to a single periapical image, there 
was not a significant difference in terms of specificity.  It is much easier to determine 
when a fracture is present than to say assuredly that a fracture is absent. However, upon 
reflection, there are a series of reasons why the specificity of tomosynthesis may be 
depressed, which would also result in a depressed accuracy values, due to increased 
evaluator false positives. 
  
   
Figure #23: Obturated and fracture present sample (F5) CBCT axial slice, periapical, 
and tomosynthesis slice demonstrate how the proximal root concavity evident on CBCT 
creates a radiolucent band on tomosynthesis imaging that was often interpreted as a 
fracture by examiners. 
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 There are several sources of false positives that can partially account for this 
observation. External root concavities often created artifacts that seemed to resemble 
vertical root fractures. 
 One morphological variant that is quite common among mandibular premolars 
(which all the experimental samples were) that will feature a root concavity are those 
with Type IV canal anatomy and C-shaped canals. The prevalence of Type IV anatomy is 
24% among mandibular first premolars, with 14% having C-shaped canal systems (152). 
These findings are higher in individuals of African (153) and Asian (154) descent . Such 
samples in this study were often confused as fractured. These Type IV featured well-
defined vertical radiolucent bands due to their external root concavities resulting in an 
artifact. 
   
Figure #24: Unobturated & fracture absent sample (X7) with Type IV & C-shape 
anatomy in the apical third. The CBCT axial slice (middle) reveals no fracture and a 
radicular concavity that results in a radiolucent defect confused as a fracture in the 
tomosynthesis image (right) 
 
 It stands to reason that these types of artifacts could be more readily identified 
with further experience, access, training, and familiarity to tomosynthesis technology. All 
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of the evaluators in this study were familiar and comfortable in the interpretation of 
periapical images and CBCT volumes. With additional training and calibration, the rate 
of false positives might be decreased, thereby resulting in a more competitive sensitivity, 
specificity and accuracy. 
FRACTURE INDUCTION 
 Review of related literature elucidates questions of study design and how they 
might impact conclusions drawn from the data. The first point has to do with the nature 
of the root fractures, whether clinical or induced. Clinical samples of root fractures are in 
many ways preferable with the disadvantage of limited availability, especially because 
their confirmed detection can be so difficult. When these teeth are still in the mouth, as in 
Edlund et al, it cannot be guaranteed that the teeth were fractured without surgical visual 
exposure. Ex vivo samples as in Wang et al. might have fractures induced, propagated or 
affected in the extraction process.  
 Induced fractures are commonly evaluated, but there is such variability and 
unpredictability in the size and location of the induced fractures without assurance that 
the fractures are clinically representative. This point is iterated by Brady et al. and is a 
worthy critique. Their protocol allowed for fractures between 30-110 microns for 
incomplete fractures, and under 300 microns for complete fractures. Hassan and Ozer 
induce fractures with a chisel and hammer, which resulted in fractures larger than 200 
microns.   
 Another concern with ex vivo and induced samples is that the extent of cracks can 
change over the course of the experiment. It may be possible that over time induced 
fractures can continue to propagate. This is certainly true of desiccated teeth that small 
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cracks and incomplete cracks when desiccated will propagate and turn into complete 
cracks—this was observed during the initial pilot study. This concern is particularly true 
in the present study where teeth had to be prepared and imaged at one institution and 
transported 1,100 miles for tomosynthesis imaging. In this case, it was not possible to 
image the teeth at the same time. The use of cyanoacrylate and mounting of the teeth in 
rubber cement and plaster may have aided in stabilizing the fractures. It does not appear 
that there were any noticeable changes as a result of this delay between modalities, but 
that may be possible. 
 Induced fractures were utilized in the present study because it was the only 
practical option based on availability and the need to transport them. The advantages 
were that the tooth samples could be prepared in a controlled fashion and allowed for a 
large sample of teeth.  
 The most glaring disadvantage of induced fractures is that they are not necessarily 
clinically representative and there is such unpredictability in the resultant fracture. It 
seems clear that these fractures were relatively large and likely overstated. The size and 
extent of fractures were certainly variable. That being said, root fractures are inherently 





 Figure #25: A comparison of axial slices from two fractured samples (CF12 & 
CF14), demonstrating the variation of fracture size and resulting ease of detection 
 
 It may be preferable to induce fractures with the use of an Instron machine. Brady 
et al. and Patel et al. used Instron machines to induce both complete and incomplete 
fractures. For Brady et al, increased force was applied until a 20% decrease in resistance 
was detected (127). The induced fractures in that case are more likely to be incomplete 
fractures and understated compared the majority of induced fractures in this study. In any 
case, the purpose of this study was to compare the technologies. Even if the fractures 
were induced and potentially large, the comparison established is still a fair comparison. 
The next step would be to apply the technology clinically, which is already an IRB 
approved project to be undertaken at UNC (ClinicalTrials.gov: NCT02873585).  
IMPACT OF OBTURATION 
 It is worth pointing out the method of obturation in this study is to some extent 
problematic. A single cone technique was used, and glue was used instead of sealer. As 
previously discussed, the justification for this design was out of concern that 
thermoplasticization, warm gutta-percha, and sealer would push into existing fractures 
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with radiopaque material. This concern is especially real when the size of these fractures 
were relatively large. 
 However, not only was the obturation technique used in this study not clinically 
representative, it also created its own slightly misleading artifact. The radiolucent band 
adjacent to the obturation material could deceptively resemble root segment diastasis, as 
seen in Figure #26.  
   
Figure #26: Obturated and fracture absent sample (F11) demonstrating radiolucent 
bands adjacent to gutta-percha due to experimental obturation technique that could 
suggest root separation 
 
 Analyzing the impact of obturation material in fracture detection provides 
clinically applicable information. Obturation significantly reduced sensitivity of fracture 
detection overall (p=0.0231). Obturation material did also significantly decrease accuracy 
with periapical radiographs. Furthermore, although not statistically significant in extent, 
the accuracy was higher in each modality in unobturated teeth than in obturated teeth. 
 These data suggest that removing obturation material from canal will improve 
sensitivity of detection of root fractures in periapical, CBCT, and tomosynthesis imaging. 
Vizzotto demonstrated that removal of obturation material from canals in endodontic 
retreatment can improve detection and location of a missed MB2 canal in maxillary 
molars (155). A similar suggestion can be drawn from these data—removal of obturation 
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material may improve sensitivity of fracture detection, although this practice is not 
compulsory.  
 
 If we apply these data to clinical practice, this presents another advantage of 
tomosynthesis imaging. The presence of obturation material significantly decreased 
sensitivity and accuracy of fracture detection in periapical imaging (p=0.0023 and 
p=0.0260, respectively), while there was not a significant difference for CBCT and 
tomosynthesis imaging. Therefore, tomosynthesis images demonstrate a diminished 
impact of obturation status in root fracture detection compared to periapical imaging. 
Since the vast majority of root fractures occur in endodontically treated teeth, this trend is 
an advantage afforded by tomosynthesis imaging technology. 
REFLECTIONS ON TOMOSYNTHESIS IMAGING 
 This pilot study demonstrated several unique characteristics of tomosynthesis 












CBCT PAa PAb Tomo
Figure #27: Impact of Obturation Chart
Sensitivity Obturated Unobturated
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clinically, whether with respect to fracture identification or otherwise. 
 It is quite clear that although tomosynthesis provides a degree of three-
dimensional information based on z-axis scrolling, tomosynthesis is still an angle 
dependent image. Evaluators in this study were only provided a single tomosynthesis to 
evaluate, although in the imaging process four different angles were captured (centered, 
left, right, vertical), as described in Methods. However, further review of these differing 
angled images resulted in quite different resolution of root fractures in tomosynthesis, as 
poignantly demonstrated in Figure #28. It has been well established that with periapical 
radiographs, multiple angles provide a diagnostic advantage in identification of periapical 
radiolucencies (77). So too is it recommended to multiple angulations for the 
identification of horizontal root fracture when suspected in trauma (156). These same 
recommendations may be applied to tomosynthesis imaging, especially in the 
identification of fractures.  
 This methodological deficiency is probably the most unfortunate consequence of 
the lost samples resulting in incomplete pilot. The degree to which tomosynthesis 
imaging is angle dependent may have been revealed though completion of that pilot. 
There could be great value in repeating this study including multiple tomosynthesis 
angles rather than simply the central angle.  
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Figure #28: Fracturing of an 
obturated sample (CF6) 
resulted in multiple fractures. 
Imaging with tomosynthesis 
at four different angles. The 
varying angles resulted in 
quite dissimilar presentation 
and resolution of those 
fractures. This exemplifies the 
great degree to which 
tomosynthesis is angle 







 To ensure accurate reconstruction of the tomosynthesis stack, the source to image 
and source to target distance is fixed. The geometry of the array and reconstruction, 
however; dictate that z-axis resolution is greatest at the center of the stack and decreases 
with increasing distance from center. Navigating tomosynthesis stacks confirms that, 
quite often, there would be excellent resolution of the tooth sample in the center of the 
stack. But when scrolling in the z-axis away from the center towards the buccal and 
lingual extent of the stack, resolution would decrease dramatically. Figure #29 
demonstrates this special artifact in resolution.  The central slice demonstrates excellent 
resolution; however, the furthest buccal and lingual slices demonstrate poor resolution. 
This may have impacted fracture detection in the present study, and would be a major 
consideration in its clinical utility. 
   
 
  
Figure #29: Three slices from a stack of samples CF10. The furthest buccal slice 
(left), central slice (middle) and furthest lingual slice (right) demonstrate that 
resolution in tomosynthesis stacks is variable. The greatest resolution is found 
centrally in the stack with poor resolution on the periphery 
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RADIOGRAPHS ARE INTERPRETTED, NOT READ 
 In a pair of landmark publications, Goldman & Pearson demonstrated that 
radiographic interpretation is exactly that: interpretive and subjective. Among 253 
randomized cases evaluated by six different evaluators, there was only 43% agreement on 
whether or not periapical radiolucencies were present (157). This same group agreed on 
categorization of endodontic treatment success versus failure 73% of the time (157). 
These measures are inter-examiner agreement.  
 Three evaluators from this same group were asked to evaluate the same cases they 
had evaluated in the 1972 study, and each evaluator only agreed with him or herself 75-
83% of the time only six to eight months later (158). So in other words, Goldman’s 
publications demonstrated with periapical imaging an intra-examiner reliability of 75-
83% and inter-examiner reliability of 43-73% in periapical radiolucency detection. 
 Brady similarly presented kappa values for inter-examiner and intra-examiner 
agreement with repeated measures in evaluation of vertical root fracture presence. Inter-
examiner agreement among complete fracture samples imaged on two-dimensional 
radiography was 28% and 58% for iCAT CBCT. The reported intra-examiner agreement 
for complete fractures was 38% for two-dimensional imaging and 78% for iCAT CBCT 
(127). 
 Intra-examiner agreement in the present study was comparable to these previously 
reported values in Goldman and Brady. The comparison to Brady is the more important 
comparison because it specifically refers to fracture identification on periapical and 
CBCT imaging. Overall, the range of intra-examiner agreement kappa values ranged 
between 63% and 81% with an aggregated intra-examiner kappa value of 72.9%.  These 
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values correspond well with the previous reports by Goldman and Brady. It further 
reinforces that interpretation of fractures, as is true with all radiographic interpretation is 
a subjective process. Unlike with Goldman and Pearson, the repeats in the present study 
were not temporally distanced by months. These repeats were presented in the same 
interpretation session, and yet among the repeats examiners effectively contradicted their 
initial assessment in fracture identification almost 27% of the time. 
 When the evaluators in the present study were compared for agreement, there was 
not a significant difference based on modality. Inter-evaluator kappa was the lowest 
among tomosynthesis images at 54% and greatest among CBCT volumes at 68%, with an 
overall inter-examiner kappa value of 64%. As previously indicated, it seems quite likely 
that the relatively depressed agreement for tomosynthesis imaging could be improved 
with further evaluator training and familiarity with the imaging technology. These inter-
rater values are similar to those presented in Goldman and Brady, which affirms in some 
senses the findings of the present study but also more importantly reiterates the subjective 
nature of radiographic interpretation. It is certainly conceivable that with more training 
and familiarity the kappa score for tomosynthesis imaging would improve because it is 
yet a relatively unfamiliar and unique imaging modality for the evaluators. In any case, 
the subjectivity of radiographic interpretation is reaffirmed by these data. 
FUTURE DIRECTIONS 
 There are many future directions based on this initial project. The most natural 
future direction would be to repeat the protocol here with the use of multiple angles of 
tomosynthesis imaging. As discussed previously, tomosynthesis imaging is angle 
dependent and Figure #28 clearly demonstrates how multiple angles may be requisite to 
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adequately evaluate a tooth for a root fracture. Fortunately, these existing samples have 
already been imaged with four different angles (centered, left, right, vertical). All of the 
existing imaging could be reevaluated and the odds ratio based on number of angles 
could be calculated to determine which combination of angles would most predictably 
detect root fractures. Although it would significantly increase the time required of the 
evaluate the additional imaging, this would be relatively simple to repeat. The benefit of 
this comparison is that, in the current study, the comparison is made between a single 
tomosynthesis image to a pair of periapical images. This may not be a fair comparison. 
Tomosynthesis may be an imaging modality that requires multiple angles when applied 
specifically to crack detection. 
 Another future direction would be to change the method of fracture induction or 
to use clinical fractures. These fractures may have been overstated, which may limit the 
applicability of conclusions drawn to in vivo fractures. As other studies have done, the 
use of an Instron machine might create more subtle fractures. The great clinical challenge 
is in the detection of early fractures, so identifying a preferred imaging modality for these 
elusive fractures would be most useful.  
 Samples would be most representative to use clinically confirmed vertical root 
fractures. This might mean teeth that are surgically exposed with fractures confirmed. 
Another method would be using teeth extracted due to vertical root fracture. However, 
extracted teeth may have had fractures induced or exaggerated in the extraction process. 
 While the purpose of this study was to evaluate the applications of tomosynthesis 
in fracture detection. However, it seems that this radiographic technology has many 
potential applications elsewhere in dentistry.  
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 There are instances in endodontics where a tomosynthesis image may provide 
more information than a periapical alone. For example, one could investigate how 
tomosynthesis imaging, or multiple angles of tomosynthesis imaging, compares to PA 
and CBCT imaging in canal detection. A similar experimental protocol could be used 
asking evaluators to interpret the Vertucci type canal configuration. If this technology is 
useful in that regard, it would decrease the time and radiation exposure to patient by 
reducing the number of shift images or CBCT volumes necessary to determine root canal 
anatomy. In fact, this study could easily be executed because all of the imaging is already 
prepared. There are twenty maxillary premolar and twenty mandibular molar extracted 
tooth samples that are mounted in simulated alveoli and imaged by PA, CBCT and 
tomosynthesis imaging in a manner identical to the present study.  
 Intraoperatively, tomosynthesis could be extremely useful in working length 
determination. An intraoperative working length periapical image in teeth with multiple 
canals can obscure and confound interpretation due to overlap and flattening of a three-
dimensional object onto a two-dimensional image. Often, multiple images and 
application of the buccal object rule are necessary to adequately interpret working length 
images with multiple canals. CBCT cannot be used for working images because the tooth 
must be closed and typically the rubber dam and clamp are removed. A tomosynthesis 
image using an intraoral sensor would provide three-dimensional imaging for a tooth with 
files in place. Tomosynthesis could allow the operator to determine in a single image a 
working length for each file, potentially with greater appreciation of where each file exist 
the tooth, with fewer requisite images. Utilizing this technology thusly would likely be 
attractive to most endodontists. 
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 Tomosynthesis imaging could be applied to perforation detection, which can be 
difficult on periapical imaging. Figure #30 demonstrates two endodontically treated teeth 
in the same individual who has some severe apical dilacerations. Periapical imaging 
reveals the severity of these dilacerations, but it is impossible to tell if the obturation in 
#20 or in the mesiolingual canal of #31 are simply ledged or if they are apically 
perforated. It is possible a tomosynthesis image, with the same exposure to the patient as 
a periapical radiograph, could demonstrate that the obturation material is confined to the 
tooth or if apical perforations are present here.  
 
 
 A similar application could be in the diagnosis of strip perforations, particularly in 
mesial roots of mandibular molars and mesiobuccal roots of maxillary molars. Strip 
perforations can be extremely difficult to diagnose on a periapical radiograph alone, but 
might be easily revealed in a tomosynthesis stack. Furthermore, they could be identified 
not just the pre-operative or post-operative setting, as is the case with CBCT. Since s-IOT 
can be utilized with an intraoral sensor as a working imaging modality, it could be a 
Figure #30: Endodontic treatment of #20 and #31 in the same individual who has a 
series of severe apical curvatures. On periapical imaging alone, it is difficult to 
determine if these teeth have apical perforation. Perhaps s-IOT would identify such 
perforations. 
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radiographic technology that is helpful in the recognition of these types of perforations 
pre-operatively as well as intraoperatively in the course of treatment.  
 
 And furthermore, the applications of this nascent technology will necessarily 
continue to present themselves as it is applied in new and different ways. 
 
CONCLUSIONS 
 Within the limitations of this study, it can be concluded that: 
 Stationary intraoral tomosynthesis improves the sensitivity of detection of induced 
root fractures compared to a single radiograph.  
 Limited-FOV CBCT is the most sensitive imaging modality for detection of 
fractures among obturated and unobturated root samples. 
 There is no significant difference in specificity or overall accuracy in fracture 
detection among periapical, CBCT, and tomosynthesis imaging. 
 The presence of obturation material has a statistically significant reduction in 
sensitivity of fracture detection and accuracy for periapical radiographs. 
Obturation status did not have a significant impact on sensitivity for 
Figure #31: Although the obturation 
material appears to be confined to 
the root, it is unclear based on 
periapical imaging alone if the large 
cervical preparations in #30 have 
resulted in strip perforations 
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tomosynthesis imaging. So, removal of obturation material may improve fracture 
detection. Furthermore, tomosynthesis imaging is superior to periapical imaging 
in root fracture detection insofar as the presence of obturation material does not 
significantly reduce fracture detection. 
 Reported evaluator confidence was directly correlated with increased accuracy in 
all imaging modalities. 
 Utilizing a pair of angled periapical radiographs significantly improves sensitivity 
of fracture detection. 
 While it might appear that the utilization of tomosynthesis in fracture detection 
has merely a modest benefit, when considering the clinical implications of its application 
this imaging modality becomes highly attractive. Comparing tomosynthesis to a single 
periapical image, the s-IOT stack provides a great deal of additional information 
obscured by the periapical image. Tomosynthesis images, unlike CBCT imaging, can be 
performed intraoperatively in the same way as periapical imaging. The radiation exposure 
to the patient is comparable to that of periapical imaging. But, the resulting image stack 
provides three-dimensional imaging that may be incredibly revealing to the clinician. 
Restricting application of this radiographic technology to fracture detection is myopic. If 
tomosynthesis can also be utilized for caries detection and periapical radiolucency 
detection, it could become indispensable.  
 As it has been applied in medicine and now dentistry, tomosynthesis has been 
referred to as three-dimensional radiographic technology. I submit that this categorization 
is misleading. Certainly, it is true that stationary intraoral tomosynthesis imaging 
provides three-dimensional information. However, this study has demonstrated the extent 
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to which tomosynthesis imaging is angle dependent, unlike true three-dimensional 
imaging. Tomosynthesis stacks are also only high resolution towards the center of the 
stack while the shallowest and deepest planes within the stack demonstrate poor 
resolution. Instead, this application of tomosynthesis imaging is somewhere between two-
dimensional and three-dimensional. When comparing tomosynthesis to two-dimensional 
imaging instead of CBCT, the benefits of this new technology are clear: more clinical 
information provided without any drawbacks in terms of ease-of-use, radiation dose, or 
imaging time. 
 There are many new avenues of further research may demonstrate how stationary 
intraoral tomosynthesis can be applied to dentistry and endodontics that will stimulate its 
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Appendix I: Study Imaging 
The following section includes all the imaging evaluated in the study. Each figure 
includes two periapical images (straight and shifted), a screenshot of a tomosynthesis 
image, and a screenshot of a limited-FOV cone-beam CT. It should be clear though that 
tomosynthesis images and CBCT volumes are three-dimensional and can be navigated. 
The screenshots of tomosynthesis imaging and CBCT’s depicted below in unfractured 
teeth are oriented in the midroot area, and among fractured teeth a screenshot is included 
to best demonstrate the presence of the fracture in the subjective assessment of the 
principal investigator for the purposes of illustration. These images contain the tooth 
samples and have been further cropped. The layout is as follows:  
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Unobturated and fracture absent 





























































Unobturated and fracture absent #11 
  




























Unobturated and fracture present 











































































Obturated and fracture absent 











































































Obturated and fracture present 












































































Appendix II: Evaluator instructions 
Study Instructions 
1. Your task as the evaluator is to assess for the presence of cracks / fractures in 
tooth samples in three different imaging modalities: periapical radiograph, 
tomosynthesis, and cone-beam CT. 
 
2. These images are randomized and included in the imaging folder provided in 
folders listed numerically.  These samples correspond to the sample numbers in 
the Excel document for reporting your interpretation of these images. 
 
         
 
3.  In each folder, there will be either a pair of periapical radiographs, a single 
tomosynthesis file, or a series of files for a CBCT volume. These are viewed 
differently. Please review the separate isntructions for how to load and view 
imaging. 
 
4. On the spreadsheet, each evaluator will make two assessments: a) 
presence/absence of a crack, and (b) degree of certainty. Presence/absence is 
recorded as either 1 or 0 in column 2. Degree of certainty is recorded as a number 
from 1-5. 
 
5. It is important that these images and volumes are interpreted in order. Do not go 
back and look at an image twice (except if there is a recording error and it is 
necessary to correct it). This is also true of periapical imaging. First, view image 
1, record your interpretation and certainty. Then, open image 2, and record your 
interpretation after having viewed both images. Again, do not allow your 
interpretation of the second image impact your first assessment. 
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6. These are tooth samples prepared with simulated alveolar bone and PDL. There 
are no intentionally created lesions, radiolucencies, or PDL widening. Appearance 
of surrounding simulated bone should not be used as an indication of fracture.  
 
7. Fatigue: Observers will self-determine their level of fatigue throughout the study.  
If you feel fatigued, please take a break at any time. Do not continue when 
fatigued. 
i. When possible, image review periods should not exceed 60 
continuous minutes without a break.   
ii. A suggested break would be 1hr time lapse between image review 
sessions 
iii. Take as much time as needed, there are no time limits. 
8. Questions: Assistance or clarification can be requested at any time.  
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Instructions for Opening and Viewing Study Images 
1. Locate and open the “Blinded imaging” folder provided. Contained are a series of 
numbered folders 1 through 216. 
 
2. Locate and open the RadiAnt DICOM Viewer 64-bit program  
 
 
3.  RadiAnt DICOM Viewer (64-bit) Tutorial 
 OVERVIEW:  Basic RadiAnt User Controls Review  
http://www.radiantviewer.com/dicom-viewer-manual/  
 
 Deidentify imaging:     Click the drop-down next to the “A” button to turn OFF 
annotations, and select “Hide patient data”. If the program is ever closed, it is critical 




 Changing Brightness and Contrast: 




Next, press the left mouse button over the image and drag the mouse to change brightness 
(window level - WL), or contrast (window width - WW): 
•Up to decrease brightness (window level goes up) 
•Down to increase brightness (window level goes down) 
•Left to increase contrast (window width shrinks) 
•Right to decrease contrast (window width expands) 
 
 Changing perspective in CBCT’s 
By default, CBCT’s will load in the axial perspective. This is most likely the 
preferred perspective for crack identification. If desired, the observer may also 
evaluate the sample from the coronal or sagittal perspective by clicking the 




4. Loading images: On your desktop, view the folders in a list with the opened RadiAnt 
program.  
o Again, ensure that you have selected “Hide patient data” 
o To load a CBCT or Tomo image (starting with #1), simply drag the folder and 
drop anywhere into the RadiAnt program window. The selected image should 
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now be open and ready for manipulation and interpretation. 
 
o Each successive CBCT or Tomo can simply be dragged and dropped into the 
RadiAnt program window.  It will automatically overlay over your past 
image, therefore you do not need to close a previous image file to view a new 
one. Do not close the RadiAnt viewer. 
o Periapical images cannot be viewed in RadiAnt. These should be opened 
directly. Ensure that your window settings are such that the files are listed 
without thumbnails. They should be a simple list. 
 
 
5.  For instructions on how to interpret these images, please refer to the attached Study 
Instructions. You can tell the difference between periapicals versus CBCT or Tomo 
based on the Excel spreadsheet. Periapical images will have two entries (e.g. 4a and 
4b), while CBCT or Tomo’s will have a single entry (e.g. 1). 
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Assessing the Accuracy and Reliability of Crack/Fracture 
 
1. A separation of the adjacent root segments on multiple contiguous image slices 
without the continuation of the hypo-attenuated line into the adjacent tissue (or 
simulated bone as was present in this ex-vivo study design). This hypo-attenuated 
line must be observed within the confines of tooth structure, delineated by: 
a. External tooth surface: bounded by enamel, the external surface of dentin, 
or cemental tissue depending on the level of axial slice.  
And\or 
b. Internal tooth surface: external extent of the pulpal cavity 
 
For purposes of this study, the physical discontinuity must have the following criteria 
to be given a designation of a crack/fracture. 
  
1. Radiolucent line(s) must extend from the external boundary of the tooth and/or 
the pulpal cavity (or vice versa)* on multiple contiguous image slices.^ 
2. The overall contour of the external tooth surface and pulpal cavity must be 
maintained.** 
 
Explanation of stated criteria: 
A. *These cracks are thought to be clinically significant.  
B. ^The criteria of multiple image slices allows for detection of an 
angled crack. 
C. **To prevent gross root discontinuities from mistakenly being 
classified as a crack. 
 
Furthermore, it is important to differentiate cracks/fractures from other commonly 
encountered pathologic changes in tooth morphology that may be observed in CBCT, 
and to rule out artifact and possible false positive identification. The following entities 
should be differentiated from cracks/fractures: 
 
 Cases with metallic restorations or root fillings that usually exhibit multiple streak 
artifacts that traversed the root and adjacent tissue. 
 Aberrations in dental anatomy or morphology which may include 
o Accessory, lateral or secondary pulp canal(s) 
o Canal ramifications 
 Physiologic or pathologic processes which may include 












Appendix III: Sample Identification & Evaluator Output 











 Modality Sample Crack Cert Crack Cert  Crack Cert  Crack Cert Crack Cert 
58 CBCT CF1 1 5 1 5 1 4 1 5 1 4 
203 CBCT CF1 1 5 1 5 1 5 1 5 1 5 
15a PA CF1 0 4 0 2 0 4 0 5 0 4 
15b PA CF1 1 3 1 3 1 3 1 3 0 4 
145 TOMO CF1 1 5 1 5 1 5 1 5 1 5 
149 CBCT CF10 1 5 1 5 1 5 1 5 1 5 
104a PA CF10 0 3 1 2 1 3 1 3 0 4 
104b PA CF10 1 4 1 4 1 4 1 5 1 5 
205a PA CF10 0 4 0 2 1 2 0 3 1 3 
205b PA CF10 1 5 1 4 1 5 1 4 1 4 
40 TOMO CF10 0 4 1 4 1 5 1 5 1 3 
87 CBCT CF11 1 5 1 5 1 4 1 5 1 3 
36a PA CF11 0 4 0 4 0 4 0 3 0 5 
36b PA CF11 0 4 0 4 0 4 0 3 0 5 
120 TOMO CF11 1 5 1 5 0 4 1 5 1 5 
83 CBCT CF12 1 5 1 5 1 5 1 5 1 4 
180a PA CF12 1 5 1 5 1 5 1 5 1 5 
180b PA CF12 1 5 1 5 1 4 1 5 1 2 
105 TOMO CF12 1 5 1 5 1 4 1 5 1 5 
38 CBCT CF13 1 5 1 4 1 5 1 5 1 5 
47a PA CF13 1 5 1 5 1 5 1 5 1 5 
47b PA CF13 1 5 1 5 1 4 1 5 1 3 
100 TOMO CF13 1 5 1 5 1 4 1 5 1 4 
73 CBCT CF14 0 4 0 3 0 4 0 5 0 5 
117a PA CF14 0 4 1 1 0 4 0 4 1 2 
117b PA CF14 0 4 0 3 0 4 0 4 0 4 
215a PA CF14 0 4 0 3 0 4 0 3 0 4 
215b PA CF14 0 4 0 4 0 3 0 4 0 4 
157 TOMO CF14 0 4 0 2 0 4 0 3 0 5 
195 TOMO CF14 0 4 0 4 0 4 0 4 1 3 
167 CBCT CF15 1 5 1 3 1 4 1 3 1 4 
79a PA CF15 1 3 1 5 1 4 1 3 1 5 
79b PA CF15 1 3 1 5 1 4 1 0 1 3 
63 TOMO CF15 0 4 0 3 0 4 0 3 0 4 
202 TOMO CF15 0 4 0 4 1 4 0 3 1 3 
111 CBCT CF2 0 3 0 2 1 3 0 4 0 5 
41a PA CF2 0 4 0 3 0 3 0 3 0 4 
41b PA CF2 0 4 0 4 0 4 0 4 0 5 
33 TOMO CF2 0 4 1 4 0 5 0 2 0 4 
112 CBCT CF3 1 5 1 4 1 5 1 3 1 3 
44a PA CF3 0 4 1 4 0 4 0 3 0 4 
44b PA CF3 0 4 1 2 0 4 0 4 0 4 
85 TOMO CF3 0 5 0 4 0 4 1 3 1 3 
20 CBCT CF4 1 5 1 4 1 5 1 5 1 5 
169a PA CF4 0 4 1 2 0 4 0 3 1 3 
169b PA CF4 0 4 1 5 0 4 1 2 1 4 
37 TOMO CF4 0 3 1 5 0 4 1 2 1 4 
50 CBCT CF5 1 5 1 5 0 4 0 3 1 3 
129a PA CF5 0 4 0 3 0 4 0 4 0 4 
129b PA CF5 0 4 0 4 0 4 0 4 0 5 
199a PA CF5 0 4 0 3 1 1 0 3 0 4 
199b PA CF5 0 4 0 4 0 1 0 4 0 5 
35 TOMO CF5 0 5 0 2 0 4 0 4 1 4 
127 CBCT CF6 1 5 1 5 1 5 1 5 1 5 
78a PA CF6 1 5 1 5 1 5 1 5 1 5 
78b PA CF6 1 5 1 5 1 5 1 5 1 3 
186a PA CF6 1 5 1 5 1 5 1 5 1 5 
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186b PA CF6 1 5 1 5 1 5 1 5 1 3 
155 TOMO CF6 1 5 1 5 1 4 1 4 1 5 
62 CBCT CF7 1 5 1 5 1 4 1 5 1 3 
48a PA CF7 0 3 1 4 0 3 0 2 0 4 
48b PA CF7 0 3 1 4 0 3 0 2 0 4 
200a PA CF7 0 4 1 3 1 3 0 3 0 4 
200b PA CF7 1 3 1 2 0 2 0 4 0 4 
164 TOMO CF7 0 5 0 3 0 4 0 2 1 4 
190 TOMO CF7 0 4 0 4 1 5 0 4 1 4 
151 CBCT CF8 1 5 1 5 1 5 1 5 1 5 
4a PA CF8 0 3 0 5 0 4 1 1 0 2 
4b PA CF8 1 5 1 5 1 5 1 5 1 5 
136 TOMO CF8 1 5 1 5 1 5 1 5 1 5 
25 CBCT CF9 1 5 1 5 1 5 1 5 1 5 
52a PA CF9 1 5 1 5 1 5 1 5 1 5 
52b PA CF9 1 5 1 5 1 3 1 5 1 3 
194a PA CF9 1 5 1 5 1 5 1 5 1 5 
194b PA CF9 1 5 1 5 1 5 1 5 1 3 
82 TOMO CF9 1 5 1 5 1 3 1 4 0 4 
16 CBCT F1 0 4 1 3 1 2 0 3 1 3 
91a PA F1 0 4 0 4 0 4 0 4 0 4 
91b PA F1 0 4 0 4 0 3 0 5 0 5 
107 TOMO F1 0 4 0 4 0 4 0 4 0 4 
102 CBCT F10 0 4 0 2 0 4 0 4 0 5 
137a PA F10 0 4 0 2 0 4 0 4 0 4 
137b PA F10 0 4 0 3 0 4 0 5 0 4 
9 TOMO F10 0 4 0 3 0 4 1 4 0 4 
206 TOMO F10 0 4 0 4 1 3 0 4 0 4 
76 CBCT F11 0 4 0 3 0 4 0 5 0 5 
75a PA F11 0 4 1 2 0 5 0 3 1 2 
75b PA F11 0 4 1 2 0 5 0 3 0 4 
23 TOMO F11 0 5 0 2 0 3 0 4 0 4 
192 TOMO F11 0 5 0 4 0 4 0 4 0 4 
144 CBCT F12 1 4 0 4 0 4 0 4 1 3 
109a PA F12 0 4 0 3 0 4 0 3 0 5 
109b PA F12 0 4 0 4 0 4 0 4 0 5 
70 TOMO F12 0 4 0 4 0 4 0 4 1 4 
211 TOMO F12 0 4 0 4 0 4 1 4 1 3 
31 CBCT F13 0 4 1 4 0 4 0 5 0 4 
183 CBCT F13 0 4 0 4 0 3 0 4 0 4 
51a PA F13 0 4 0 4 0 4 0 4 0 5 
51b PA F13 0 4 0 4 0 4 0 4 0 5 
8 TOMO F13 0 4 0 4 0 3 0 4 1 4 
13 CBCT F14 0 5 1 4 0 3 0 5 0 4 
160a PA F14 0 4 0 3 0 4 0 3 0 3 
160b PA F14 1 3 0 3 0 4 0 2 0 4 
201a PA F14 0 4 0 3 0 4 0 3 0 4 
201b PA F14 0 3 0 3 0 4 0 4 0 5 
134 TOMO F14 1 4 0 4 0 4 0 4 0 4 
132 CBCT F15 1 5 1 5 0 4 1 5 0 4 
154a PA F15 0 4 0 4 0 4 0 2 0 4 
154b PA F15 0 4 1 2 1 3 1 3 0 5 
140 TOMO F15 0 5 0 4 1 2 0 4 0 4 
159 CBCT F2 0 5 0 4 0 4 0 5 0 5 
77a PA F2 0 4 0 4 0 4 0 4 0 5 
77b PA F2 0 4 0 4 0 5 0 4 0 4 
90 TOMO F2 0 5 0 5 0 4 0 3 0 4 
185 TOMO F2 0 4 0 3 1 4 0 3 1 2 
108 CBCT F3 0 4 0 2 1 4 0 5 0 5 
130a PA F3 0 4 0 3 0 4 0 4 0 5 
130b PA F3 0 4 0 3 1 3 0 4 0 4 
158 TOMO F3 0 4 0 4 0 4 0 2 1 2 
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14 CBCT F4 0 4 0 3 1 3 0 4 1 3 
65a PA F4 0 3 0 2 0 4 0 4 0 4 
65b PA F4 0 4 0 2 0 4 0 4 0 5 
133 TOMO F4 0 4 0 2 0 3 0 4 1 3 
122 CBCT F5 0 4 0 3 0 4 0 4 0 5 
10a PA F5 0 4 1 4 0 4 0 3 0 4 
10b PA F5 0 4 1 3 1 3 0 4 0 3 
128 TOMO F5 0 4 1 3 1 4 0 4 1 3 
173 CBCT F6 0 4 0 4 1 3 0 5 0 4 
101a PA F6 0 4 1 4 0 4 0 2 0 4 
101b PA F6 0 4 1 3 0 4 0 2 0 5 
21 TOMO F6 0 5 0 3 1 5 0 4 0 3 
148 CBCT F7 0 4 0 4 0 2 0 5 0 5 
42a PA F7 0 4 0 3 0 4 0 2 0 5 
42b PA F7 0 4 0 4 0 4 0 2 0 5 
216a PA F7 0 4 0 4 0 4 0 3 0 4 
216b PA F7 0 4 0 4 0 4 0 4 0 4 
84 TOMO F7 0 4 1 3 0 4 0 4 0 4 
116 CBCT F8 1 3 1 3 1 3 0 4 0 4 
193 CBCT F8 1 4 0 2 1 4 0 4 0 5 
171a PA F8 0 4 0 3 0 3 0 3 0 3 
171b PA F8 0 4 0 3 0 4 0 4 0 3 
49 TOMO F8 0 4 0 3 0 4 0 4 0 3 
59 CBCT F9 0 2 0 4 0 3 0 5 0 5 
98a PA F9 0 4 0 2 0 3 0 4 0 5 
98b PA F9 0 4 0 2 0 4 0 4 0 5 
196a PA F9 0 4 0 4 1 4 0 3 0 4 
196b PA F9 0 4 0 4 1 4 0 4 0 5 
53 TOMO F9 0 4 0 3 0 5 0 5 0 5 
150 CBCT X1 0 4 0 5 0 3 0 5 0 5 
188 CBCT X1 1 3 0 5 0 3 0 5 0 5 
143a PA X1 0 4 0 3 1 2 0 3 0 3 
143b PA X1 0 4 1 1 1 3 0 4 0 4 
11 TOMO X1 0 5 0 4 0 5 0 4 1 2 
19 CBCT X10 0 4 0 3 0 3 0 4 0 4 
115a PA X10 0 4 0 2 0 4 0 3 0 4 
115b PA X10 0 4 0 2 0 4 0 4 0 5 
55 TOMO X10 1 4 1 5 1 3 1 5 0 4 
97 CBCT X11 0 3 1 2 0 4 0 5 0 5 
197 CBCT X11 0 4 0 5 1 3 0 5 0 5 
5a PA X11 0 4 0 3 0 4 0 3 0 4 
5b PA X11 0 4 0 3 0 4 0 4 0 5 
207a PA X11 0 4 0 4 0 4 0 1 0 4 
207b PA X11 0 3 0 4 0 4 0 3 0 5 
177 TOMO X11 0 4 0 4 0 4 0 4 0 4 
174 CBCT X12 0 4 0 1 0 4 0 5 0 5 
89a PA X12 0 4 0 3 0 3 0 3 0 5 
89b PA X12 0 4 0 3 0 4 0 4 0 5 
72 TOMO X12 0 5 0 4 0 4 0 4 0 5 
168 CBCT X13 0 4 0 3 0 4 0 4 0 5 
46a PA X13 0 4 0 2 0 4 0 2 0 4 
46b PA X13 0 4 0 2 0 4 0 3 0 5 
178 TOMO X13 0 4 0 4 0 5 0 4 0 4 
34 CBCT X14 0 5 0 2 0 3 0 4 0 5 
66a PA X14 0 4 0 2 0 4 0 4 0 4 
66b PA X14 0 4 0 2 0 4 0 4 0 5 
17 TOMO X14 0 4 0 3 0 4 0 4 0 4 
43 CBCT X15 0 4 1 4 1 3 0 5 1 5 
6a PA X15 0 4 0 3 0 4 1 3 1 2 
6b PA X15 0 4 0 4 0 4 0 3 0 5 
118 TOMO X15 0 4 0 4 0 4 0 2 0 5 
184 TOMO X15 0 5 0 3 0 2 0 5 0 4 
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69 CBCT X2 0 4 0 4 0 4 0 5 0 5 
170a PA X2 0 4 0 2 0 4 0 3 0 4 
170b PA X2 0 3 0 4 0 4 0 3 0 3 
93 TOMO X2 0 4 0 5 1 4 1 5 1 4 
163 CBCT X3 0 4 0 5 0 4 0 5 0 5 
189 CBCT X3 0 4 0 5 0 3 0 5 0 5 
114a PA X3 0 3 0 1 1 4 0 4 0 4 
114b PA X3 0 4 1 3 1 4 0 4 0 5 
210a PA X3 0 3 0 3 1 3 0 3 0 4 
210b PA X3 0 3 1 2 1 4 0 4 0 4 
110 TOMO X3 0 5 0 4 0 4 0 4 1 2 
172 CBCT X4 1 3 0 5 0 3 0 5 0 5 
156a PA X4 0 4 0 1 0 3 1 2 0 4 
156b PA X4 0 4 0 2 0 3 1 1 0 4 
212a PA X4 0 4 1 2 0 4 0 3 0 4 
212b PA X4 0 4 1 2 1 2 0 2 0 4 
57 TOMO X4 0 3 0 4 1 3 0 5 0 5 
121 CBCT X5 0 5 1 4 0 3 0 4 0 5 
56a PA X5 1 2 1 2 0 4 0 3 0 4 
56b PA X5 1 1 1 2 0 4 0 3 0 5 
1 TOMO X5 0 3 0 4 0 5 1 4 0 4 
45 CBCT X6 0 4 1 3 0 3 0 5 0 4 
147a PA X6 0 3 0 2 0 3 0 3 0 4 
147b PA X6 0 3 1 4 0 3 0 4 1 3 
187a PA X6 0 3 0 2 0 3 0 2 0 4 
187b PA X6 0 3 1 2 0 4 0 3 1 3 
175 TOMO X6 0 4 0 4 0 4 0 4 0 4 
139 CBCT X7 0 3 1 3 0 4 0 4 1 4 
81a PA X7 0 3 1 2 0 2 0 2 0 4 
81b PA X7 0 4 1 5 0 2 0 4 1 3 
179 TOMO X7 0 3 1 5 1 5 0 1 1 4 
24 CBCT X8 0 5 1 4 0 4 0 2 1 3 
166a PA X8 0 3 0 1 1 4 0 3 1 3 
166b PA X8 0 3 0 2 1 5 0 3 1 3 
204a PA X8 0 3 1 4 1 4 0 2 1 3 
204b PA X8 0 4 1 2 1 5 0 2 1 4 
113 TOMO X8 0 4 1 3 1 5 0 2 1 3 
26 CBCT X9 0 5 0 3 0 4 0 4 0 5 
191 CBCT X9 0 5 0 4 0 4 0 5 0 5 
131a PA X9 0 4 0 3 0 4 0 4 0 5 
131b PA X9 0 4 0 4 0 4 0 4 0 5 
141 TOMO X9 0 3 0 4 0 4 0 4 1 2 
60 CBCT XC1 1 5 1 5 1 4 1 5 1 5 
165a PA XC1 1 4 1 5 1 5 1 5 1 5 
165b PA XC1 1 3 1 5 1 5 1 2 1 4 
54 TOMO XC1 1 5 1 5 1 5 1 5 1 5 
182 TOMO XC1 1 5 1 5 1 4 1 5 1 5 
88 CBCT XC10 1 5 1 5 1 5 1 5 1 5 
124a PA XC10 1 5 1 5 1 5 1 5 1 5 
124b PA XC10 1 5 1 5 1 5 1 5 1 2 
181a PA XC10 1 5 1 5 1 5 1 5 1 5 
181b PA XC10 1 5 1 5 1 4 1 5 1 3 
22 TOMO XC10 1 3 0 1 0 4 0 3 0 5 
2 CBCT XC11 1 5 1 5 1 5 1 5 1 5 
103a PA XC11 1 3 1 4 1 4 1 5 1 4 
103b PA XC11 1 4 1 5 1 4 1 5 1 5 
125 TOMO XC11 1 3 1 5 1 5 1 5 1 5 
176 CBCT XC12 1 5 1 5 1 4 1 3 1 4 
198 CBCT XC12 1 5 1 5 1 5 1 4 1 4 
153a PA XC12 1 3 1 4 1 2 1 5 1 4 
153b PA XC12 1 3 1 4 1 2 1 5 1 4 
138 TOMO XC12 0 5 1 3 1 2 0 4 1 3 
 161 
12 CBCT XC13 0 5 1 2 0 3 0 5 0 5 
146a PA XC13 1 3 1 2 1 2 0 3 1 3 
146b PA XC13 1 2 1 1 1 3 0 4 0 4 
32 TOMO XC13 0 5 0 1 0 4 0 4 0 4 
161 CBCT XC14 1 5 1 5 1 5 1 5 1 5 
68a PA XC14 0 4 1 5 1 5 1 5 1 5 
68b PA XC14 0 4 1 5 1 5 1 5 1 5 
209a PA XC14 1 5 1 5 1 4 1 5 1 4 
209b PA XC14 1 4 1 5 1 5 1 5 1 5 
152 TOMO XC14 1 5 1 5 1 5 1 5 1 5 
18 CBCT XC15 1 5 1 5 1 5 1 5 1 5 
64a PA XC15 1 2 1 5 1 5 1 5 1 3 
64b PA XC15 0 3 1 5 1 5 1 5 1 5 
213a PA XC15 1 5 1 5 1 4 1 5 1 3 
213b PA XC15 1 5 1 5 1 5 1 5 1 4 
7 TOMO XC15 1 5 1 4 1 5 1 5 1 5 
67 CBCT XC2 1 5 1 5 1 5 1 5 1 5 
126a PA XC2 1 5 1 5 1 4 1 5 1 4 
126b PA XC2 1 5 1 5 1 5 1 5 1 5 
27 TOMO XC2 1 5 1 5 1 5 1 5 1 5 
30 CBCT XC3 1 5 1 5 1 5 1 5 1 5 
123a PA XC3 0 4 1 5 1 2 0 4 1 4 
123b PA XC3 1 5 1 5 1 5 1 5 1 5 
28 TOMO XC3 1 5 1 5 1 5 1 5 1 5 
74 CBCT XC4 1 5 1 4 1 5 1 5 1 4 
39a PA XC4 0 4 0 2 0 3 0 3 0 4 
39b PA XC4 1 4 1 5 1 4 1 4 1 5 
94 TOMO XC4 1 5 1 5 0 4 1 5 1 5 
96 CBCT XC5 1 5 1 5 1 5 1 5 1 5 
214 CBCT XC5 1 5 1 5 1 5 1 5 1 5 
162a PA XC5 1 5 1 5 1 5 1 5 1 5 
162b PA XC5 1 5 1 5 1 2 1 5 1 3 
29 TOMO XC5 1 5 1 5 1 3 1 3 1 4 
142 CBCT XC6 1 5 1 5 1 5 1 5 1 5 
208 CBCT XC6 1 5 1 5 1 5 1 5 1 5 
86a PA XC6 1 2 1 5 1 5 1 3 1 4 
86b PA XC6 1 5 1 5 1 5 1 5 1 5 
3 TOMO XC6 1 5 1 5 1 5 1 5 1 5 
135 CBCT XC7 1 5 1 5 1 5 1 5 1 5 
95a PA XC7 1 4 1 5 1 4 1 4 1 5 
95b PA XC7 1 4 1 5 1 5 1 5 1 5 
71 TOMO XC7 1 4 1 5 1 5 1 5 1 5 
92 CBCT XC8 1 5 1 5 1 5 1 5 1 5 
99a PA XC8 0 4 0 1 1 3 1 3 0 3 
99b PA XC8 1 4 1 5 1 5 1 5 1 5 
61 TOMO XC8 0 3 1 5 1 5 1 5 1 5 
119 CBCT XC9 1 5 1 5 1 5 1 5 1 5 
80a PA XC9 1 5 1 5 1 5 1 5 1 5 
80b PA XC9 1 5 1 5 1 3 1 5 1 3 




Appendix IV: Statistical Analysis 
 
Table 1 of Crack_Eval 1 by cracked 
Controlling for filled=0 Modality=CBCT 





































Table 2 of Crack_Eval 1 by cracked 
Controlling for filled=0 Modality=PAa 






































Table 3 of Crack_Eval 1 by cracked 
Controlling for filled=0 Modality=PAb 





































Table 4 of Crack_Eval 1 by cracked 
Controlling for filled=0 Modality=TOMO 






































Table 5 of Crack_Eval 1 by cracked 
Controlling for filled=1 Modality=CBCT 





































Table 6 of Crack_Eval 1 by cracked 
Controlling for filled=1 Modality=PAa 






































Table 7 of Crack_Eval 1 by cracked 
Controlling for filled=1 Modality=PAb 





































Table 8 of Crack_Eval 1 by cracked 
Controlling for filled=1 Modality=TOMO 






































Table 1 of acc_Eval 1 by Modality 
Controlling for filled=0 

























































Table 2 of acc_Eval 1 by Modality 
Controlling for filled=1 


























































Table 1 of Certainty_Eval 1 by Modality 
Controlling for filled=0 






















































































































Table 2 of Certainty_Eval 1 by Modality 
Controlling for filled=1 



















































































































Table 1 of Crack_Eval 2 by cracked 
Controlling for filled=0 Modality=CBCT 






































Table 2 of Crack_Eval 2 by cracked 
Controlling for filled=0 Modality=PAa 





































Table 3 of Crack_Eval 2 by cracked 
Controlling for filled=0 Modality=PAb 





































Table 4 of Crack_Eval 2 by cracked 
Controlling for filled=0 Modality=TOMO 






































Table 5 of Crack_Eval 2 by cracked 
Controlling for filled=1 Modality=CBCT 





































Table 6 of Crack_Eval 2 by cracked 
Controlling for filled=1 Modality=PAa 





































Table 7 of Crack_Eval 2 by cracked 
Controlling for filled=1 Modality=PAb 






































Table 8 of Crack_Eval 2 by cracked 
Controlling for filled=1 Modality=TOMO 





































Table 1 of acc_Eval 2 by Modality 
Controlling for filled=0 

























































Table 2 of acc_Eval 2 by Modality 
Controlling for filled=1 


























































Table 1 of Certainty_Eval 2 by Modality 
Controlling for filled=0 





















































































































Table 2 of Certainty_Eval 2 by Modality 
Controlling for filled=1 




















































































































Table 1 of Crack_Eval 3 by cracked 
Controlling for filled=0 Modality=CBCT 





































Table 2 of Crack_Eval 3 by cracked 
Controlling for filled=0 Modality=PAa 





































Table 3 of Crack_Eval 3 by cracked 
Controlling for filled=0 Modality=PAb 






































Table 4 of Crack_Eval 3 by cracked 
Controlling for filled=0 Modality=TOMO 





































Table 5 of Crack_Eval 3 by cracked 
Controlling for filled=1 Modality=CBCT 





































Table 6 of Crack_Eval 3 by cracked 
Controlling for filled=1 Modality=PAa 






































Table 7 of Crack_Eval 3 by cracked 
Controlling for filled=1 Modality=PAb 





































Table 8 of Crack_Eval 3 by cracked 
Controlling for filled=1 Modality=TOMO 





































Table 1 of acc_Eval 3 by Modality 
Controlling for filled=0 


























































Table 2 of acc_Eval 3 by Modality 
Controlling for filled=1 

























































Table 1 of Certainty_Eval 3 by Modality 
Controlling for filled=0 


































































































Table 2 of Certainty_Eval 3 by Modality 
Controlling for filled=1 































































































Table 1 of Crack_Eval 4 by cracked 
Controlling for filled=0 Modality=CBCT 






































Table 2 of Crack_Eval 4 by cracked 
Controlling for filled=0 Modality=PAa 





































Table 3 of Crack_Eval 4 by cracked 
Controlling for filled=0 Modality=PAb 





































Table 4 of Crack_Eval 4 by cracked 
Controlling for filled=0 Modality=TOMO 






































Table 5 of Crack_Eval 4 by cracked 
Controlling for filled=1 Modality=CBCT 





































Table 6 of Crack_Eval 4 by cracked 
Controlling for filled=1 Modality=PAa 





































Table 7 of Crack_Eval 4 by cracked 
Controlling for filled=1 Modality=PAb 






































Table 8 of Crack_Eval 4 by cracked 
Controlling for filled=1 Modality=TOMO 





































Table 1 of acc_Eval 4 by Modality 
Controlling for filled=0 

























































Table 2 of acc_Eval 4 by Modality 
Controlling for filled=1 


























































Table 1 of Certainty_Eval 4 by Modality 
Controlling for filled=0 










































































































































Table 2 of Certainty_Eval 4 by Modality 
Controlling for filled=1 








































































































































Table 1 of Crack_Eval 5 by cracked 
Controlling for filled=0 Modality=CBCT 





































Table 2 of Crack_Eval 5 by cracked 
Controlling for filled=0 Modality=PAa 






































Table 3 of Crack_Eval 5 by cracked 
Controlling for filled=0 Modality=PAb 





































Table 4 of Crack_Eval 5 by cracked 
Controlling for filled=0 Modality=TOMO 






































Table 5 of Crack_Eval 5 by cracked 
Controlling for filled=1 Modality=CBCT 





































Table 6 of Crack_Eval 5 by cracked 
Controlling for filled=1 Modality=PAa 






































Table 7 of Crack_Eval 5 by cracked 
Controlling for filled=1 Modality=PAb 





































Table 8 of Crack_Eval 5 by cracked 
Controlling for filled=1 Modality=TOMO 






































Table 1 of acc_Eval 5 by Modality 
Controlling for filled=0 

























































Table 2 of acc_Eval 5 by Modality 
Controlling for filled=1 


























































Table 1 of Certainty_Eval 5 by Modality 
Controlling for filled=0 

































































































Table 2 of Certainty_Eval 5 by Modality 
Controlling for filled=1 




Col Pct CBCT PAa PAb TOMO Total 
2 0 
0.00 
0.00 
0.00 
3 
2.50 
60.00 
10.00 
1 
0.83 
20.00 
3.33 
1 
0.83 
20.00 
3.33 
5 
4.17 
 
 
3 7 
5.83 
31.82 
23.33 
3 
2.50 
13.64 
10.00 
6 
5.00 
27.27 
20.00 
6 
5.00 
27.27 
20.00 
22 
18.33 
 
 
4 8 
6.67 
17.39 
26.67 
12 
10.00 
26.09 
40.00 
10 
8.33 
21.74 
33.33 
16 
13.33 
34.78 
53.33 
46 
38.33 
 
 
5 15 
12.50 
31.91 
50.00 
12 
10.00 
25.53 
40.00 
13 
10.83 
27.66 
43.33 
7 
5.83 
14.89 
23.33 
47 
39.17 
 
 
Total 30 
25.00 
30 
25.00 
30 
25.00 
30 
25.00 
120 
100.00 
 
 
  
 
 
 
  
  
 
